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✹✳✷✳✼ Ps❡✉❞♦ ❈♦❞❡ ❢♦r t❤❡ Pr♦♣♦s❡❞ ❙♠❛rt ❱✐❞❡♦ ❱❛❧✐❞❛t✐♦♥ ❆❧❣♦r✐t❤♠ ✳ ✳ ✳ ✹✽
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✹✳✹ P❡r❢♦r♠❛♥❝❡ ❆♥❛❧②s✐s ♦❢ ♣r♦♣♦s❡❞ s♠❛rt tr❛♥s♠✐ss✐♦♥ ❛❧❣♦r✐t❤♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶
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✹✳✹✳✷ ❆♥❛❧②s✐s ♦♥ s✐③❡ ♦❢ ✈✐❞❡♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷
✹✳✹✳✸ ❚✐♠❡ t❛❦❡♥ t♦ tr❛♥s♠✐t ✈✐❞❡♦ t♦ ❝❧♦✉❞ ✉s✐♥❣ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐ ▼♦❞✉❧❡ ✺✺
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✺ ❙✉♠♠❛r② ❛♥❞ ❉✐s❝✉ss✐♦♥ ✺✼
✺✳✶ ❈♦♠♣✉t❡r ❆✐❞❡❞ ❉✐❛❣♥♦s✐s ❢♦r ❑✐❞♥❡② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼
✺✳✷ ❙♠❛rt ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽
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❘❡❢❡r❡♥❝❡s ✺✾
✈✐✐✐
❈❤❛♣t❡r ✶
■♥tr♦❞✉❝t✐♦♥
❯❧tr❛s♦✉♥❞ ✐♠❛❣✐♥❣✱ ❛❧s♦ ❝❛❧❧❡❞ s♦♥♦❣r❛♣❤②✱ ✐♥✈♦❧✈❡s ❡①♣♦s✐♥❣ ♣❛rt ♦❢ t❤❡ ❜♦❞② t♦ ❤✐❣❤✲ ❢r❡✲
q✉❡♥❝② s♦✉♥❞ ✇❛✈❡s t♦ ♣r♦❞✉❝❡ ♣✐❝t✉r❡s ♦❢ t❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ ❜♦❞②✳ ❈♦♠♣❛r❡❞ t♦ ❈♦♠♣✉t❡❞
❚♦♠♦❣r❛♣❤② ✭❈❚✮✱ ▼❛❣♥❡t✐❝ ❘❡s♦♥❛♥❝❡ ■♠❛❣✐♥❣ ✭▼❘■✮✱ ■♥tr❛✈❡♥♦✉s ❯r♦❣r❛♣❤② ✭■❱❯✮ ❛♥❞
❆♥❣✐♦❣r❛♣❤② ✭❆●✮✱ ❯❧tr❛s♦♥♦❣r❛♣❤② ✭❯❙✮ ✐s ♠♦r❡ ❛❞✈❛♥t❛❣❡♦✉s✳ ❯❙ ❡①❛♠✐♥❛t✐♦♥s ❞♦ ♥♦t
✉s❡ ✐♦♥✐③✐♥❣ r❛❞✐❛t✐♦♥ ✭❛s ✉s❡❞ ✐♥ ①✲r❛②s✮ ❬✶❪✳ ❇❡❝❛✉s❡ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ❛r❡ ❝❛♣t✉r❡❞ ✐♥
r❡❛❧✲ t✐♠❡✱ t❤❡② ❝❛♥ s❤♦✇ t❤❡ str✉❝t✉r❡ ❛♥❞ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ❜♦❞②s ✐♥t❡r♥❛❧ ♦r❣❛♥s✱ ❛s ✇❡❧❧
❛s ❜❧♦♦❞ ✢♦✇✐♥❣ t❤r♦✉❣❤ ❜❧♦♦❞ ✈❡ss❡❧s✳ ❯❙ ✐s t❤❡ ♠♦st ✇✐❞❡❧② ✉s❡❞ ✐♠❛❣✐♥❣ t❡❝❤♥♦❧♦❣②
✇♦r❧❞✇✐❞❡ ❛♥❞ ♣♦♣✉❧❛r ❞✉❡ t♦ ❛✈❛✐❧❛❜✐❧✐t②✱ s♣❡❡❞✱ ❧♦✇ ❝♦st✱ ♣❛t✐❡♥t✲❢r✐❡♥❞❧✐♥❡ss ✭♥♦ r❛❞✐❛✲
t✐♦♥✮✳ ❯s❡❞ ❢♦r ❜♦t❤ ❞✐❛❣♥♦s✐s ❛♥❞ t❤❡r❛♣❡✉t✐❝ ♣r♦❝❡❞✉r❡s ✇✐t❤ ❧❡❛st ✐♥✈❛s✐✈❡ ❝♦♠♣❛r❡❞ t♦
♦t❤❡r ♣r♦❝❡❞✉r❡s ❬✷❪✳ ❯❧tr❛s♦✉♥❞ ✐s ❛ ✉s❡❢✉❧ ✇❛② ♦❢ ❡①❛♠✐♥✐♥❣ ♠❛♥② ♦❢ t❤❡ ❜♦❞②s ✐♥t❡r♥❛❧
♦r❣❛♥s ❧✐❦❡ ❧✐✈❡r✱ ❣❛❧❧❜❧❛❞❞❡r✱ s♣❧❡❡♥✱ ♣❛♥❝r❡❛s✱ ❦✐❞♥❡②s✱ ❜❧❛❞❞❡r✱ ✉t❡r✉s✱ ♦✈❛r✐❡s✱ ❛♥❞ ❢❡t✉s ✐♥
♣r❡❣♥❛♥t ♣❛t✐❡♥ts✳ ❚❤❡ ✐♠❛❣❡ ✐s ❝r❡❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❛♠♣❧✐t✉❞❡ ✭str❡♥❣t❤✮✱ ❢r❡q✉❡♥❝② ❛♥❞
t✐♠❡ ✐t t❛❦❡s ❢♦r t❤❡ s♦✉♥❞ s✐❣♥❛❧ t♦ r❡t✉r♥ ❢r♦♠ t❤❡ ❛r❡❛ ♦❢ t❤❡ ♣❛t✐❡♥t ❜❡✐♥❣ ❡①❛♠✐♥❡❞ t♦
t❤❡ tr❛♥s❞✉❝❡r ❛♥❞ t❤❡ t②♣❡ ♦❢ ❜♦❞② str✉❝t✉r❡ t❤❡ s♦✉♥❞ tr❛✈❡❧s t❤r♦✉❣❤✳ ❯❧tr❛s♦✉♥❞ ✐♠❛❣❡
✐s ✐♠♠❡❞✐❛t❡❧② ✈✐s✐❜❧❡ ♦♥ ❛ ✈✐❞❡♦ ❞✐s♣❧❛② s❝r❡❡♥ ❛♥❞ s♦♥♦❣r❛♣❤❡r ✇✐❧❧ ❢r❡❡③❡ t❤♦s❡ ✐♠❛❣❡s
✇❤✐❝❤ ❛r❡ ✐♠♣♦rt❛♥t ❢♦r ❞✐❛❣♥♦s✐s ❜② ❞♦❝t♦r✳
■♥ ■♥❞✐❛✱ ♣❛rt✐❝✉❧❛r❧② ✐♥ r✉r❛❧ ❛♥❞ r❡♠♦t❡ ❛r❡❛s ♣❡♦♣❧❡ ❢♦✉♥❞ str✉❣❣❧✐♥❣ t♦ ❛❝❝❡ss t✐♠❡❧②
♠❡❞✐❝❛❧ tr❡❛t♠❡♥t✳ ❚❤❡r❡ ✐s ❧❛❝❦ ♦❢ q✉❛❧✐✜❡❞ ♣❡rs♦♥♥❡❧ ✐♥ ❡✈❡r② s❡❝t♦r ♦❢ ❤❡❛❧t❤ s❡r✈✐❝❡✳
❚❡❧❡♠❡❞✐❝✐♥❡ ❤❛s ❝♦♠❡ t♦ s❡r✈❡ r✉r❛❧ ♣♦♣✉❧❛t✐♦♥s✱ ✇❤❡r❡ t✐♠❡ ❛♥❞ t❤❡ ❝♦st ♦❢ tr❛✈❡❧ ❝♦♥✲
str❛✐♥ts t❤❡✐r ❛❝❝❡ss t♦ t❤❡ ❜❡st ♠❡❞✐❝❛❧ ❝❛r❡ ❬✸❪✳ ■♥ ■♥❞✐❛ 70% ♦❢ ♣♦♣✉❧❛t✐♦♥ ❧✐✈❡ ✐♥ r✉r❛❧
❛r❡❛s ✇❤❡r❡❛s 75% ♦❢ q✉❛❧✐✜❡❞ ❝♦♥s✉❧t❛♥ts ♣r❛❝t✐❝❡ ♦♥❧② ✐♥ ✉r❜❛♥ ❝❡♥tr❡s✳ ❍❡♥❝❡ t❤❡r❡ ✐s
♥❡❡❞ t♦ ❜r✐❞❣❡ t❤❡ ❣❛♣ ❜❡t✇❡❡♥ r✉r❛❧ ❛♥❞ ✉r❜❛♥ ❝❡♥tr❡s✳ ❈❧♦✉❞ ❜❛s❡❞ ✇✐r❡❧❡ss ♣♦rt❛❜❧❡
✉❧tr❛s♦✉♥❞ ✐♠❛❣✐♥❣ s②st❡♠ ✇✐t❤ ♣r❡❧✐♠✐♥❛r② ❈♦♠♣✉t❡r ❆✐❞❡❞ ❉✐❛❣♥♦s✐s ✭❈❆❉✮ s❡r✈❡s t❤✐s
♣✉r♣♦s❡✳ ❚❤❡ ♣❛t✐❡♥t ❞❛t❛ ❢r♦♠ t❤❡ r❡♠♦t❡ ✉❧tr❛s♦✉♥❞ ❞❡✈✐❝❡ ✐s st♦r❡❞ ♦♥ t❤❡ ❝❧♦✉❞ ❛♥❞ ❝❛♥
❜❡ ❛❝❝❡ss❡❞ ❜② ❛✉t❤❡♥t✐❝❛t❡❞ ❞♦❝t♦rs ❢r♦♠ ❣❡♦❣r❛♣❤✐❝❛❧❧② ❛♥②✇❤❡r❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣ ✶✳✶✳
❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ✐♥ r❡❣✐♦♥s ✇❤❡r❡ r❡q✉✐r❡♠❡♥t ♦❢
s♦♥♦❣r❛♣❤❡rs ✐s ♠✐♥✐♠❛❧✳ ❉✉❡ t♦ ❧❛❝❦ ♦❢ ♠❡❞✐❝❛❧ ❡①♣❡rts t❤❡r❡ ✐s ❛❧✇❛②s ❞❡❧❛② ✐♥ t❤❡ ♣r♦❝❡ss
♦❢ ❣❡tt✐♥❣ r❡♣♦rts✱ ✇❤✐❝❤ ✐s ♥♦t ♣r❡❢❡rr❡❞ ✐♥ ❡♠❡r❣❡♥❝②✳ ❍❡♥❝❡ t❤❡r❡ ✐s ♥❡❝❡ss✐t② ❢♦r ❞❡✈✐❝❡
✶
❋✐❣✉r❡ ✶✳✶✿ ▼❡❞✐❝❛❧ ❞❛t❛ st♦r❛❣❡ ✐♥ ❝❧♦✉❞✳
t♦ ❞❡t❡❝t t❤❡ ❛❜♥♦r♠❛❧✐t②✱ t❤❛t ❤❡❧♣s t❤❡ ✉♥tr❛✐♥❡❞ s♦♥♦❣r❛♣❤❡rs t♦ t❛❦❡ ❝♦rr❡❝t ❞❡❝✐s✐♦♥s✳
❆❝❝♦r❞✐♥❣ t♦ ■♥❞✐❛♥ ❝♦✉♥❝✐❧ ♦❢ ♠❡❞✐❝❛❧ r❡s❡❛r❝❤ ✭■❈▼❘✮✱ ✐t ✐s ❡st✐♠❛t❡❞ t❤❛t ✼✼✳✷ ♠✐❧❧✐♦♥
♣❡♦♣❧❡ ❛r❡ s✉✛❡r✐♥❣ ❢r♦♠ ♣r❡✲❞✐❛❜❡t❡s✱ ❛ ❝♦♥❞✐t✐♦♥ ✐♥ ✇❤✐❝❤ t❤❡ ♣❛t✐❡♥ts ❤❛✈❡ ❤✐❣❤ ❜❧♦♦❞
❣❧✉❝♦s❡ ❧❡✈❡❧ ✇❤✐❝❤ ✐s ♥♦t ✐♥ ❞✐❛❜❡t❡s r❛♥❣❡ ❜✉t ❤❛✈✐♥❣ ❣r❡❛t r✐s❦ ♦❢ ❣❡tt✐♥❣ ❞✐❛❜❡t❡s✳ ❖✉t ♦❢
✶✳✷✼ ❜✐❧❧✐♦♥ ♣♦♣✉❧❛t✐♦♥ ✻✺✳✶ ♠✐❧❧✐♦♥ ♣❛t✐❡♥ts ❛r❡ ❝♦♥✜r♠❡❞ ❞✐❛❜❡t❡s ❛♥❞ ✶✼ ♠✐❧❧✐♦♥ ❞✐❛❜❡t❡s
♣❛t✐❡♥ts ❛r❡ s✉✛❡r✐♥❣ ❢r♦♠ ❦✐❞♥❡② ♣r♦❜❧❡♠s ❬✹❪✳ ❙♦ t❤❡r❡ ✐s ❛ ♥❡❡❞ t♦ ❞❡s✐❣♥ ❛ s②st❡♠ ❢♦r
♣r❡❧✐♠✐♥❛r② ❞✐❛❣♥♦s✐s ♦❢ ❦✐❞♥❡② ❞✐s❡❛s❡s✱ ✇❤✐❝❤ ✐s ♣♦rt❛❜❧❡ ❛♥❞ ♦♣❡r❛t♦r ✐♥❞❡♣❡♥❞❡♥t✳ ❚❤❡
❜❡st s✉✐t❡❞ ♠❡❞✐❝❛❧ ✐♠❛❣✐♥❣ ♠♦❞❛❧✐t② ✇✐t❤ t❤❡s❡ ❛❞✈❛♥t❛❣❡s ✐s ♦✉r ♣r♦♣♦s❡❞ ■♦❚ ❡♥❛❜❧❡❞
✉❧tr❛s♦✉♥❞ ♠❛❝❤✐♥❡ ✇✐t❤ ♣r❡❧✐♠✐♥❛r② ❈❆❉✳ ❚♦ ♠❛❦❡ t❤❡ ❞❡✈✐❝❡ ✉s❡r ✐♥❞❡♣❡♥❞❡♥t ❛♥❞ ❞❡t❡❝t
t❤❡ ❛❜♥♦r♠❛❧✐t②✱ ✐♠❛❣❡ ♣r♦❝❡ss✐♥❣ ❛❧❣♦r✐t❤♠ ❛r❡ t♦ ❜❡ ♣♦rt❡❞ ♦♥ t❤❡ ❞❡✈✐❝❡ ✐ts❡❧❢✳ ◆♦r♠❛❧
❛♥❞ ❛❜♥♦r♠❛❧ ❝❛s❡ ♦❢ ❦✐❞♥❡② ✇✐t❤ ❝②st ❛♥❞ st♦♥❡ ❛r❡ ♠❛r❦❡❞ ✇✐t❤ ②❡❧❧♦✇ ❝✐r❝❧❡ ❛s s❤♦✇♥ ✐♥
❋✐❣✳ ✶✳✷ ✳
❋✐❣✉r❡ ✶✳✷✿ ✭❛✮ ◆♦r♠❛❧✱ ✭❜✮ ❈②st ❛♥❞ ✭❝✮ ❙t♦♥❡
❉✉❡ t♦ ✉♥❛✈❛✐❧❛❜✐❧✐t② ♦❢ r❛❞✐♦❣r❛♣❤❡rs✱ t❤❡r❡ ✐s ❛ ♥❡❡❞ ❢♦r s♠❛rt ❝♦♥♥❡❝t❡❞ ✉❧tr❛s♦✉♥❞
❞❡✈✐❝❡ ❢♦r r❡♠♦t❡ ❤❡❛❧t❤❝❛r❡✳ ❖✉r ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ t❤❡ r❛❞✐♦❧♦❣✐sts s❤♦✇ t❤❛t ♠♦st ♦❢ t❤❡
✷
✐♠❛❣❡s✴✈✐❞❡♦s t❤❛t ❤❛✈❡ ❜❡❡♥ ✉♣❧♦❛❞❡❞ ❢♦r ❞✐❛❣♥♦s✐s ❜② t❤❡ s❡♠✐ s❦✐❧❧❡❞ ♦♣❡r❛t♦rs ❛r❡ ♥♦t
✈❡r② ✐♥❢♦r♠❛t✐✈❡ ❞✉❡ t♦ ❧❛❝❦ ♦❢ ❡①♣❡rt✐s❡ ✐♥ ✉s✐♥❣ t❤❡ ✉❧tr❛s♦✉♥❞ ♠❛❝❤✐♥❡ ✐ts❡❧❢✳ ❍❡♥❝❡✱
✇❡ ♣r♦♣♦s❡❞ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s ❜②
❞✐s❝❛r❞✐♥❣ t❤❡ ❞❛t❛ ♥♦t ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s✳ ❲❡ ❝❧❛ss✐✜❡❞ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡s ✐♥ t♦
t❤r❡❡ t②♣❡s s✉❝❤ ❛s ♥♦ ♦r❣❛♥✱ ♣❛rt✐❛❧ ♦r❣❛♥ ❛♥❞ ❢✉❧❧ ♦r❣❛♥ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✸✳ ❯❧tr❛s♦✉♥❞
✈✐❞❡♦ ❢r❛♠❡ ✇✐t❤ ❛♥② ✐♥❢♦r♠❛t✐♦♥ t❤❛t ❝❛♥ ❜❡ ♣❡r❝❡✐✈❡❞ ❢♦r ❞✐❛❣♥♦s✐s ✐s ❝❧❛ss✐✜❡❞ ❛s ✈❛❧✐❞
❢r❛♠❡ ❢♦r tr❛♥s♠✐ss✐♦♥✳ ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡ t❤❛t ❞♦❡s ♥♦t ❝♦♥✈❡② ❛♥② ♦r❣❛♥ ✐♥❢♦r♠❛t✐♦♥
✐s ❝♦♥s✐❞❡r❡❞ ❛s ✐♥✈❛❧✐❞ ❢r❛♠❡ ❢♦r tr❛♥s♠✐ss✐♦♥ t♦ ❝❧♦✉❞✳
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❋♦r ❞❡❝❛❞❡s✱ r❡s❡❛r❝❤ ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞ t♦ ❡✈♦❧✈❡ ❡✣❝✐❡♥t ❯❙ s②st❡♠ t♦ r❡❞✉❝❡ s②st❡♠
❤❛r❞✇❛r❡ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ✇❤✐❧❡ s✐♠✉❧t❛♥❡♦✉s❧② ♣r♦✈✐❞✐♥❣ ❛ ✢❡①✐❜✐❧✐t②✱ ✐♠❛❣❡
q✉❛❧✐t② ❛♥❞ ♣r♦❣r❛♠♠❛❜✐❧✐t② ❝♦♠♣❛r❛❜❧❡ t♦ t❤♦s❡ ♦❢ ❝♦♥✈❡♥t✐♦♥❛❧ ❯❙ ✐♠❛❣✐♥❣ s②st❡♠s✳ ❚❤❡
♠♦st r❡❝❡♥t r❡s❡❛r❝❤ ❡✛♦rts ❤❛✈❡ ❢♦❝✉s❡❞ ♦♥ ✉s✐♥❣ ❧♦✇✲❝♦st ♣r♦❝❡ss♦r ❝♦r❡s✱ s✉❝❤ ❛s ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛②s ✭❋P●❆s✮ ❛♥❞ ❞✐❣✐t❛❧ s✐❣♥❛❧ ♣r♦❝❡ss♦rs ✭❉❙P✮ ❬✺❪❬✻❪❬✼❪❬✽❪✳ ❋♦r
♠✐♥✐❛t✉r✐③❛t✐♦♥✱ ❝♦st r❡❞✉❝t✐♦♥ ❛♥❞ ❧♦♥❣ ❜❛tt❡r② ❧✐❢❡ t✐♠❡✱ t❤❡ ❯❙ ♠❛❝❤✐♥❡s ✇❡r❡ ❞❡✈❡❧♦♣❡❞
✉s✐♥❣ ❆♣♣❧✐❝❛t✐♦♥ ❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮ ❝❤✐♣s ❬✾❪✳ ■♥ ❬✶✵❪ ❛ ❧♦✇ ❝♦st ♣♦rt❛❜❧❡
❯❙ s②st❡♠ ✐s ❡♠♣❧♦②❡❞ ♦♥ s✐♥❣❧❡ ❋P●❆ ❜♦❛r❞✱ ❤❡r❡ t❤❡② ❤❛✈❡ ♣r♦♣♦s❡❞ ♣s❡✉❞♦✲❞②♥❛♠✐❝
r❡❝❡✐✈❡ ❜❡❛♠❢♦r♠✐♥❣ ❛♥❞ ❧♦♦❦✲✉♣ t❛❜❧❡ ❜❛s❡❞ ♣r♦❝❡ss✐♥❣ t♦ r❡❞✉❝❡ t❤❡ ❤❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t②✳
❬✶✶❪ ♣r❡s❡♥ts ❛ s♠❛rt ❯❙ ✐♠❛❣✐♥❣ s②st❡♠ ✭❙▼❯❙✮ ❜❛s❡❞ ♦♥ ❛♥ ❛♥❞r♦✐❞✲❖❙ s♠❛rt ♣❤♦♥❡ ✐♥
♣♦✐♥t✲♦❢✲❝❛r❡ ❞✐❛❣♥♦st✐❝ ❛♣♣❧✐❝❛t✐♦♥s✳ ❉✐✛❡r❡♥t ♠❡t❤♦❞s ✇❡r❡ ♣r♦♣♦s❡❞ t♦ ♠✐♥✐❛t✉r✐③❡ t❤❡
❯❙ ✐♠❛❣✐♥❣ s②st❡♠ t♦ r❡❞✉❝❡ t❤❡ ❤❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ❛♥❞ ♣r♦✈✐❞✐♥❣ t❤❡ ❜❡st q✉❛❧✐t② ♦❢
✐♠❛❣❡ ❬✶✷❪❬✶✸❪❬✶✹❪✳ ❍❡♥❝❡✱ ✇❡ ♣r♦♣♦s❡❞ ❛ ♥♦✈❡❧ ❙♦❈ ❛r❝❤✐t❡❝t✉r❡ ✉s✐♥❣ ❩②♥❝ ✼✵✵✵ ❞❡✈✐❝❡ ❢♦r
❛♥ ■♦❚ ❡♥❛❜❧❡❞ ♣♦rt❛❜❧❡ ❯❙ s②st❡♠ ❞❡s✐❣♥❡❞ ❛t ■■❚ ❍②❞❡r❛❜❛❞✳ ■♥ ♦✉r ♣r♦♣♦s❡❞ ❞❡s✐❣♥✱
✇❡ ✉s❡❞ ❛ ❩②♥q ❙♦❈✱ ✇❤✐❝❤ ❤❛s ❛♥ ❋P●❆ ✐♥t❡❣r❛t❡❞ ✇✐t❤ ❛♥ ❆❘▼ ❝♦rt❡① ❆✾ ❞✉❛❧ ❝♦r❡
♣r♦❝❡ss♦r r✉♥♥✐♥❣ ❛t ✻✻✼✳✻✻ ▼❍③ ✐♥t❡r❢❛❝❡❞ ✇✐t❤ ❛❞✈❛♥❝❡❞ ♠✐❝r♦♣r♦❝❡ss♦r ❜✉s ❛r❝❤✐t❡❝t✉r❡✳
❚❤❡ ♣r♦♣♦s❡❞ ❞❡s✐❣♥ ❣✐✈❡s ✉s ✢❡①✐❜✐❧✐t② t♦ ✉s❡ t❤❡ ♣r♦❝❡ss✐♥❣ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ ❜♦t❤ ❋P●❆
❛♥❞ ❛ ♣r♦❝❡ss♦r t♦ ❡✣❝✐❡♥t❧② ✐♠♣❧❡♠❡♥t ❛❧❧ t❤❡ ♠♦❞✉❧❡s✳ P❛r❛❧❧❡❧ ♣r♦❝❡ss✐♥❣ ❝❛♣❛❜✐❧✐t✐❡s ♦❢
t❤❡ ❋P●❆ ❝❛♥ ❜❡ ✉t✐❧✐③❡❞ t♦ ✐♠♣❧❡♠❡♥t ❝♦♠♣❧❡① ❛❧❣♦r✐t❤♠s ✇❤❡r❡❛s t❤❡ ❆❘▼ ♣r♦❝❡ss♦r
✸
❝♦♠❡s ✇✐t❤ ❛ ♥✉♠❜❡r ♦❢ ✇✐❞❡❧② ✉s❡❞ ♣❡r✐♣❤❡r❛❧s ❛♥❞ ❝♦♥tr♦❧❧❡rs ❛♥❞ ✐t ♠❛❦❡s ✐♥t❡r❢❛❝✐♥❣ t❤❡
❡①t❡r♥❛❧ ❞❡✈✐❝❡s ❡❛s②✳ ❆ ❞❡❜✐❛♥ ❜❛s❡❞ ❧✐❣❤t ✇❡✐❣❤t ❧✐♥✉① ❞✐str✐❜✉t✐♦♥ ✐s ♣♦rt❡❞ t♦ t❤❡ ❙♦❈
✇❤✐❝❤ ✐s ✉s❡❞ t♦ r✉♥ ♦♣❡♥❈❱ ❧✐❜r❛r✐❡s ♦♥ t❤❡ ❆❘▼ ♣r♦❝❡ss♦r✳ ■♥ t❤❡ ♣r♦♣♦s❡❞ ❯❙ s②st❡♠ ✇❡
✐♥❝♦r♣♦r❛t❡❞ s♦♠❡ s♠❛rt ❛❧❣♦r✐t❤♠s t❤❛t ✐♥❝❧✉❞❡s ♦r❣❛♥ ✈❛❧✐❞❛t✐♦♥✱ ✇❤✐❝❤ ❛r❡ ♥♦t ♣r❡s❡♥t ✐♥
❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❯❙ s②st❡♠s✳ ❘❆❑✹✶✶ ✐s ✉s❡❞ ❛s ❲✐✲❋✐ ♠♦❞✉❧❡✱ ✇❤✐❝❤ ✐s ✐♥t❡r❢❛❝❡❞
✇✐t❤ t❤❡ ❞❡✈✐❝❡ t♦ tr❛♥s♠✐t ♦♥❧② ✈❛❧✐❞ ❞❛t❛ t♦ t❤❡ ❝❧♦✉❞✳
❈♦♠♣✉t❡r ❆✐❞❡❞ ❉✐❛❣♥♦s✐s ✭❈❆❉✮ ❤❛s ❜❡❝♦♠❡ ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r t♦♦❧s ❢♦r ♠❡❞✐❝❛❧ ✐♠❛❣✐♥❣
❛♥❞ ❞✐❛❣♥♦st✐❝ r❛❞✐♦❧♦❣②✳ ▼❡❞✐❝❛❧ ❞✐❛❣♥♦st✐❝s ❛r❡ ❤✐❣❤❧② ❜✐❛s❡❞ t♦ t❤❡ ♣❡rs♦♥ s❦✐❧❧ ❛♥❞
♠♦♦❞✳ ❈♦♠♣✉t❡r ❛ss✐st❡❞ ❞✐❛❣♥♦s✐s ❝❛♥ ❜❡ ✈❡r② ❤❛♥❞② ❛♥❞ ✇✐❧❧ s✐❣♥✐✜❝❛♥t❧② ✐♠♣r♦✈❡ t❤❡
❞❡❝✐s✐♦♥ ♠❛❦✐♥❣ ✇✐t❤♦✉t ❤✉♠❛♥ ✐♥t❡r✈❡♥t✐♦♥✳ ❈❆❉ ✐s ✉s❡❞ t♦ ♣r♦✈✐❞❡ ❛ ❝♦♠♣✉t❡r ♦✉t♣✉t
❛s ❛ s❡❝♦♥❞ ♦♣✐♥✐♦♥ t♦ ❛ss✐st r❛❞✐♦❧♦❣✐sts ✐♠❛❣❡ ✐♥t❡r♣r❡t❛t✐♦♥ ❛♥❞ r❡❞✉❝✐♥❣ t❤❡ t✐♠❡ ❢♦r
r❡❛❞✐♥❣ t❤❡ ✐♠❛❣❡✳ ■♥ t❤❡ ✶✾✽✵s✱ t❤❡ ❝♦♥❝❡♣t ♦❢ ❛✉t♦♠❛t❡❞ ❝♦♠♣✉t❡r ❞✐❛❣♥♦s✐s ✇❛s st❛rt❡❞
❬✶✺❪✱ ❜✉t t❤❡s❡ ❡❛r❧② ❛tt❡♠♣ts ✇❡r❡ ♥♦t s✉❝❝❡ss❢✉❧✳ ❚❤✉s✱ ✐t ❜❡❝❛♠❡ ❡①tr❡♠❡❧② ❞✐✣❝✉❧t
t♦ ❝❛rr② ♦✉t ❛ ❝♦♠♣✉t❡r ❜❛s❡❞ ❛♥❛❧②s✐s ✐♥ ♠❡❞✐❝❛❧ ✐♠❛❣❡s✳ ❚❤❡r❡❢♦r❡✱ ✐t ✇❛s ♥♦t ❡❛s② t♦
❛♥t✐❝✐♣❛t❡ ✇❤❡t❤❡r t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❈❆❉ s❝❤❡♠❡s ✇♦✉❧❞ ❜❡ s✉❝❝❡ss❢✉❧ ♦r ❢❛✐❧✉r❡✳ ❋r♦♠
✷✵✵✵s✱ t❤❡r❡ ✐s ❛ ❣r❛❞✉❛❧ ✐♥❝r❡❛s❡ ✐♥ r❡s❡❛r❝❤ r❡❧❛t❡❞ t♦ ❈❆❉ ❞✐❛❣♥♦s✐s ♦❢ ❜r❡❛st ❝❛♥❝❡r✱
❧✉♥❣ ❝❛♥❝❡r✱ ❝♦❧♦♥ ❝❛♥❝❡r✱ ♣r♦st❛t❡ ❝❛♥❝❡r✱ ❜♦♥❡ ♠❡t❛st❛s❡s✱ ❝♦r♦♥❛r② ❛rt❡r② ❞✐s❡❛s❡ ❛♥❞
❝♦♥❣❡♥✐t❛❧ ❤❡❛rt ❞❡❢❡❝t✳ ❚♦❞❛②✬s ❈❆❉ ❝❛♥ ♣r♦✈✐❞❡ s♣❡❝✐✜❝✐t② ✉♣ t♦ ✾✵ t♦ ✶✵✵✪ ❞❡♣❡♥❞✐♥❣
♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ■t ♠❛② ♥♦t ♣r♦✈✐❞❡ ❛❝❝✉r❛t❡ r❡s✉❧ts ❡✈❡r② t✐♠❡✱ ❜✉t ❝❛♥ ❜❡ ❤❡❧♣❢✉❧ ✐♥
♣r♦✈✐❞✐♥❣ ♣r❡❧✐♠✐♥❛r② ❞✐❛❣♥♦s✐s✱ ✐♥ ❛❞❞✐t✐♦♥ t♦ ❞♦❝t♦rs ❞❡❝✐s✐♦♥ ✇❤✐❝❤ ✐s ❛❧✇❛②s ✐♠♣♦rt❛♥t
❢♦r ✜♥❛❧ ❝♦♥s✐❞❡r❛t✐♦♥✳ ❙✐♥❝❡ ✉❧tr❛s♦✉♥❞ ❤❛s ♠❛♥② ❛❞✈❛♥t❛❣❡s ❛♥❞ ♠♦r❡ ❢r❡q✉❡♥t❧② ✉s❡❞
✐♠❛❣✐♥❣ ♠♦❞❡❧✱ ✇❡ ♣❡r❢♦r♠❡❞ ❈❆❉ ♦♥ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s✳ ❍♦✇❡✈❡r t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢
✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ♦❢ ❛♥② ♦r❣❛♥ ❜② ❝♦♠♣✉t❡r ✐s ❞✐✣❝✉❧t ❜❡❝❛✉s❡ ♦❢ ❧❛r❣❡ s♣❡❝❦❧❡ ♥♦✐s❡ ❛♥❞
❣r❛② s❝❛❧❡ ✐♠❛❣❡✳ ❊❧✐♠✐♥❛t✐♥❣ t❤❡s❡ ♣r♦❜❧❡♠s✱ ❈❆❉ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ♣r❡❧✐♠✐♥❛r② ❞✐❛❣♥♦s✐s
t♦ ❛ss✐st t❤❡ ❞♦❝t♦r ✐♥ ✉❧tr❛s♦✉♥❞ s❝❛♥♥✐♥❣✳
■♥ ♣❛st✱ ❬✶✻❪ ♣r♦♣♦s❡❞ ❛ ❝♦♠♣✉t❡r ❛✐❞❡❞ ❞❡❝✐s✐♦♥ s✉♣♣♦rt s②st❡♠ ❢♦r ❦✐❞♥❡② ❛❜♥♦r♠❛❧✐t②
❞❡t❡❝t✐♦♥ ✉s✐♥❣ ✜rst ❛♥❞ s❡❝♦♥❞ ♦r❞❡r st❛t✐st✐❝❛❧ ❢❡❛t✉r❡s✳ ❉❡t❡❝t✐♦♥ ♦❢ ❛❜♥♦r♠❛❧✐t② ✐♥ ❦✐❞♥❡②
✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ❜❛s❡❞ ♦♥ t❡①t✉r❛❧ ❢❡❛t✉r❡s ✐s ❞✐s❝✉ss❡❞ ✐♥ ❬✶✼❪✳ ❲❡ ♣r♦♣♦s❡❞ ❋P●❆
❜❛s❡❞ ❈❆❉ ❢♦r ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ✐♥ ❬✶✽❪✳
❙❡❣♠❡♥t✐♥❣ t❤❡ ❦✐❞♥❡② ❢r♦♠ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ✐s ❝r✉❝✐❛❧ ✐♥ ❝♦♠♣✉t❡r ❛✐❞❡❞ ❞✐❛❣♥♦s✐s ♦❢
❦✐❞♥❡②✳ ▼❛♥② ✐❞❡❛s ❛r❡ ♣r♦♣♦s❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ t♦ s❡❣♠❡♥t ❦✐❞♥❡② ❢r♦♠ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s
❬✶✾❪✳ ❯❧tr❛s♦✉♥❞ ❦✐❞♥❡② s❡❣♠❡♥t❛t✐♦♥ ❜❛s❡❞ ♦♥ t❡①t✉r❛❧ ❛♥❞ s❤❛♣❡ ♣r✐♦rs ✐s ♣r♦♣♦s❡❞ ✐♥
❬✷✵❪✳ ❬✷✶❪ ♣r♦♣♦s❡❞ ❛♥ ❛❧❣♦r✐t❤♠ t♦ ❛✉t♦♠❛t✐❝❛❧❧② ❞❡t❡❝t t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ❢r♦♠ ❦✐❞♥❡②
✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ✉s✐♥❣ t❡①t✉r❛❧ ❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❆✉t♦♠❛t✐❝ ❦✐❞♥❡② ❞❡t❡❝t✐♦♥ ✉s✐♥❣
▼❛r❦♦✈ r❛♥❞♦♠ ✜❡❧❞s ❛♥❞ ❛❝t✐✈❡ ❝♦♥t♦✉rs ✐s ♣r♦♣♦s❡❞ ✐♥ ❬✷✷❪✱ ❜✉t ❛ ♠❛♥✉❛❧ ❛❞❥✉st♠❡♥t ✐s
r❡q✉✐r❡❞ ❜❡❢♦r❡ ♣r♦❝❡ss✐♥❣ t❤❡ ✐♠❛❣❡✳❬✷✸❪ ✐s ❜❛s❡❞ ♦♥ ✐♠❛❣❡ ❛♣♣❡❛r❛♥❝❡ ❛♥❞ s❤❛♣❡ ✈❛r✐❛t✐♦♥s✱
❛❧✐❣♥✐♥❣ ♦❢ ✐♠❛❣❡ ✐s ♥❡❝❡ss❛r② ✇❤✐❝❤ ✐s ♥♦t ❢❡❛s✐❜❧❡ ✇❤❡♥ r❡❛❧ t✐♠❡ ❞❡t❡❝t✐♦♥ ✐s ❝♦♥s✐❞❡r❡❞✱
❬✷✹❪ ✐s ❜❛s❡❞ ♦♥ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ t❡❝❤♥✐q✉❡s✱ ❜✉t r❡q✉✐r❡s ♠❛♥✉❛❧ ✐♥t❡r✈❡♥t✐♦♥ t♦ ♠❛r❦ t❤❡
♣♦✐♥ts ♦♥ ❦✐❞♥❡② ❜❡❢♦r❡ s❡❣♠❡♥t❛t✐♦♥✳ ❚❤❡ ♠❡t❤♦❞ ✇❡ ❛❞♦♣t❡❞ ❢♦r ❞❡t❡❝t✐♥❣ ❦✐❞♥❡② ✐♥ ❛♥
✹
✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ✐s ❜❛s❡❞ ♦♥ ❱✐♦❧❛ ❏♦♥❡s ❞❡t❡❝t♦r ❬✷✺❪✳
❋r♦♠ t❤❡ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡✱ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ ♠❡❞✐❝❛❧ ✈✐❞❡♦ ❝♦♠♠✉♥✐❝❛t✐♦♥ s②st❡♠s ❢♦r
♠❤❡❛❧t❤ ❤❛s ❜❡❡♥ ❞❡s❝r✐❜❡❞ ✐♥ ❬✷✻❪✳ ■♥ ❬✷✼❪✱ ❛✉t❤♦rs ❞✐s❝✉ss ❛❜♦✉t ✈✐❞❡♦ ❝♦♠♠✉♥✐❝❛t✐♦♥
❢r❛♠❡✇♦r❦ ♦✈❡r ♠♦❜✐❧❡ ❲✐▼❆❳ ♥❡t✇♦r❦s ❢♦r t❤❡ ✇✐r❡❧❡ss tr❛♥s♠✐ss✐♦♥ ♦❢ ❍✳✷✻✹✴❆❱❈ ♠❡❞✲
✐❝❛❧ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦✳ ❆✉t❤♦rs ❝♦♠♣❛r❡❞ ❞✐✛❡r❡♥t ✈✐❞❡♦ ❝♦♠♣r❡ss✐♦♥ t❡❝❤♥✐q✉❡s ❢♦r ✉❧tr❛✲
s♦✉♥❞ ✈✐❞❡♦s ✐♥ ❬✷✽❪ ❬✷✾❪✳ ■♥ t❤❡s❡ ♣❛♣❡rs✱ ♠❡❞✐❝❛❧ ✈✐❞❡♦ ♣r♦❝❡ss✐♥❣ ❢♦r tr❛♥s♠✐ss✐♦♥ ✐s
♣r♦♣♦s❡❞ ❛ss✉♠✐♥❣✱ t❤❡r❡ ❡①✐sts ❛ ✈❛❧✐❞ ♠❡❞✐❝❛❧ ✈✐❞❡♦ ❞❛t❛✳ ❍♦✇❡✈❡r ✐♥ t❤❡ s❝❡♥❛r✐♦ ♦❢
❧❛❝❦ ♦❢ tr❛✐♥❡❞ s♦♥♦❣r❛♣❤❡rs ✐♥ r❡♠♦t❡ ❧♦❝❛t✐♦♥s✱ ❛❝q✉✐r✐♥❣ ♦❢ ✈❛❧✐❞ ♠❡❞✐❝❛❧ ❞❛t❛ ❢♦r ❢✉rt❤❡r
♣r♦❝❡ss✐♥❣ ✐s ✐ts❡❧❢ ❛ ❝❤❛❧❧❡♥❣❡✳ ❇❡❢♦r❡ ❛♣♣❧②✐♥❣ ❛♥② s❡❣♠❡♥t❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❬✸✵❪ ♦r ❝♦♠✲
♣✉t❡r ❛✐❞❡❞ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠s ♦♥ ♠❡❞✐❝❛❧ ✈✐❞❡♦s ❛s ♣r♦♣♦s❡❞ ✐♥ ❬✸✶❪ ❛♥❞ ❬✸✷❪✱ ♦♥❡ ♥❡❡❞
t♦ ✈❛❧✐❞❛t❡ t❤❡ ✈✐❞❡♦ ❢♦r ❢✉rt❤❡r ♣r♦❝❡ss✐♥❣✳
✶✳✷ P❡r❢♦r♠❛❝❡ ▼❡❛s✉r❡
❚❤❡ ❛❧❣♦r✐t❤♠s ❞❡✈❡❧♦♣❡❞ ✇❡r❡ ✜rst t❡st❡❞ ♦♥ ▼❛t❧❛❜ s✐♠✉❧✐♥❦✳ ▲❛t❡r ✈❡r✐❧♦❣ ❝♦❞❡ ❢♦r ❈❆❉
✇❛s ❞❡✈❡❧♦♣❡❞ ❛♥❞ ♣♦rt❡❞ ♦♥t♦ ❑✐♥❡t① ✼ ❜♦❛r❞✳ ❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤
♠❛t❧❛❜ r❡s✉❧ts t♦ ✈❛❧✐❞❛t❡ t❤❡ ❛❧❣♦r✐t❤♠s ♣❡r❢♦r♠❛♥❝❡✳ ▲❛t❡r ❡①♣❡r✐♠❡♥ts ❢♦r ❈❆❉ ✇❡r❡
♣❡r❢♦r♠❡❞ ♦♥ ❩❡❞ ❜♦❛r❞ t❤❛t ✉s❡s ❳✐❧✐♥① ❩②♥q ✼✵✵✵ ❛❧❧ ♣r♦❣r❛♠♠❛❜❧❡ ❙❖❈ r✉♥♥✐♥❣ ✇✐t❤
❳✐❧❧✐♥✉① ♦♣❡r❛t✐♥❣ s②t❡♠s ❛t ✻✻✼ ▼❍③ ❝❧♦❝❦ ❢r❡q✉❡♥❝②✳ ❩❡❞❜♦❛r❞ ✐s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❋P●❆
❛♥❞ ❆❘▼ ❈♦rt❡①✲❆✾ ❬✸✸❪✳ ❚❤❡ ❩❡❞❜♦❛r❞ ❤❛s t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝❛♣❛❜✐❧✐t② t♦ ✐♠♣❧❡♠❡♥t
✉❧tr❛s♦✉♥❞ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ❛❧❣♦r✐t❤♠s✳ ❚❤❡s❡ ❢❡❛t✉r❡s ♦❢ t❤❡ ❜♦❛r❞ ♠❛❦❡ ✐t ✐❞❡❛❧ ❢♦r r❛♣✐❞
♣r♦t♦t②♣✐♥❣ ❛♥❞ ♣r♦♦❢ ♦❢ ❝♦♥❝❡♣t ❞❡✈❡❧♦♣♠❡♥t✳
❋✐❣✉r❡ ✶✳✹✿ ❙♠❛rt ❱✐❞❡♦ ❱❛❧✐❞❛t✐♦♥ ❖✉t♣✉t✳
❚♦ t❤❡ ❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡ t❤✐s ✐s t❤❡ ✜rst ♦❢ ✐ts ❦✐♥❞ ✐♥ t❤❡ t❡❧❡r❛❞✐♦❧♦❣② ❛♣♣❧✐❝❛t✐♦♥s✳
❚❤❡ ❦❡② ❢❡❛t✉r❡s ♦❢ ♣r♦♣♦s❡❞ s♠❛rt ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✐♠♣❧❡♠❡♥t❡❞ ♦♥
③❡❞❜♦❛r❞ ✐♥❝❧✉❞❡s✿
• ❙♠❛rt ❙❝❛♥♥✐♥❣✿ ❚♦ ♠❛❦❡ ❛♥ ❡♥❞ ❞❡✈✐❝❡ ♠♦r❡ s♠❛rt✱ ✇❡ ♣r♦♣♦s❡❞ s♠❛rt s❝❛♥♥✐♥❣
✺
❜❛s❡❞ ♦♥ ♦r❣❛♥ ✈❛❧✐❞❛t✐♦♥✳ ❋r♦♠ ❛ ✈✐❞❡♦✱ ✈❛❧✐❞ ❢r❛♠❡s ♦r ❞✐❛❣♥♦s❛❜❧❡ ❢r❛♠❡s ❛r❡
❡①tr❛❝t❡❞✳ ❱❛❧✐❞ ❢r❛♠❡s ❛r❡ t❤♦s❡ ✇❤✐❝❤ ❝♦♥t❛✐♥s ♠♦st ♦❢ t❤❡ ♠❡❞✐❝❛❧ ❞❛t❛ t❤❛t ✐s ✉s❡❞
❢♦r ❞✐❛❣♥♦s✐s ❜② ❛ ❞♦❝t♦r✳ ■❢ ❛ ✈✐❞❡♦ ❝♦♥t❛✐♥s ❛❧❧ ✐♥✈❛❧✐❞ ❢r❛♠❡s ✇✐t❤♦✉t ❤❛✈✐♥❣ ❛♥②
♦r❣❛♥ ♦r ♣❛rt✐❛❧ ♦r❣❛♥ t❤❡♥ t❤❡ ❞❡✈✐❝❡ ❛❧❡rts s❡♠✐✲s❦✐❧❧❡❞ ♦♣❡r❛t♦r t♦ r❡s❝❛♥✳ ❚❤✉s t❤✐s
s♠❛rt s❝❛♥♥✐♥❣ ❛❧❣♦r✐t❤♠ ❛t t❤❡ ✉❧tr❛s♦✉♥❞ ❞❡✈✐❝❡ ❛ss✐st t❤❡ ♦♣❡r❛t♦r t♦ ❝❛♣t✉r❡ ❛ ❢✉❧❧②
✈❛❧✐❞ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦✳ ❆❜str❛❝t ❧❡✈❡❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡
✐s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✹✳
• ❙♠❛rt ❚r❛♥s♠✐ss✐♦♥✿ ❖r❣❛♥ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❞✐s❝❛r❞s t❤❡ ❢r❛♠❡s ❜❛s❡❞ ♦♥ t❤❡
✉s❡❢✉❧ ✐♥❢♦r♠❛t✐♦♥ ♣r❡s❡♥t ✐♥ ❡❛❝❤ ❢r❛♠❡ ❢♦r ❞✐❛❣♥♦s✐s✳ ❚❤❡ s✐③❡ ♦❢ ✈✐❞❡♦ ✐s r❡❞✉❝❡❞ ❜②
❞✐s❝❛r❞✐♥❣ t❤♦s❡ ✐♥✈❛❧✐❞ ❢r❛♠❡s✱ ✇❤✐❝❤ ❛❧s♦ r❡❞✉❝❡s t❤❡ ❡♥❡r❣② r❡q✉✐r❡❞ ❢♦r tr❛♥s♠✐ss✐♦♥
♦❢ ✈✐❞❡♦ t♦ ❝❧♦✉❞✳ ❋♦r ❢✉rt❤❡r r❡❞✉❝t✐♦♥ ♦❢ ♥❡t✇♦r❦ tr❛✣❝ ❛♥❞ ❜❛♥❞✇✐❞t❤ ❝♦♥s✉♠♣t✐♦♥✱
t❤❡ ✈✐❞❡♦ ❛❢t❡r ✈❛❧✐❞❛t✐♦♥ ✐s ❝♦♠♣r❡ss❡❞ ✉s✐♥❣ ❍✳✷✻✹ ❬✸✹❪✳ ❚❤❡ ❝♦♠♣r❡ss❡❞ ❞❛t❛ ✐s
st♦r❡❞ ✐♥ t❤❡ ❝❧♦✉❞ ✉s✐♥❣ ❲✐❋✐✱ ✇❤✐❝❤ ✐s ❛❧s♦ ✐♥t❡❣r❛t❡❞ ♦♥ ❜♦❛r❞✳
✻
❈❤❛♣t❡r ✷
Pr❡❧✐♠✐♥❛r② ❈❆❉ ❋♦r ❑✐❞♥❡②
❯❧tr❛s♦✉♥❞ ■♠❛❣❡s
❋✐❣✳ ✷✳✶ s❤♦✇s ■♦❚ ❡♥❛❜❧❡❞ ♣♦rt❛❜❧❡ ✉❧tr❛s♦✉♥❞ s②st❡♠ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤✐s ♣r♦✈✐❞❡s ♠❡❞✐❝❛❧
❛♠❡♥✐t✐❡s ❢♦r ♣❡♦♣❧❡ ✐♥ r✉r❛❧ ❛r❡❛s ❜② tr❛♥s♠✐tt✐♥❣ t❤❡ ✉❧tr❛s♦✉♥❞ ❞❛t❛ t♦ ❝❧♦✉❞✱ ✇❤✐❝❤ ❝❛♥
❜❡ ❧❛t❡r ❛❝❝❡ss❡❞ ❜② ❞♦❝t♦rs ❢r♦♠ ❛♥②✇❤❡r❡ ❛❝r♦ss t❤❡ ❣❧♦❜❡ ❢♦r ❞♦✐♥❣ ❞✐❛❣♥♦s✐s✳ ❯❧tr❛s♦✉♥❞
✐♠❛❣✐♥❣ s②st❡♠ ❝♦♥s✐sts ♦❢ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥✱ s✐❣♥❛❧ ❝♦♥❞✐t✐♦♥✐♥❣ ❛♥❞ ✐♠❛❣❡ r❡❝♦♥str✉❝t✐♦♥
❜❧♦❝❦s✳ ❈❆❉✱ ✇❤❡♥ ✐♥❝❧✉❞❡❞ ✐♥ ✉❧tr❛s♦✉♥❞ ❞❡✈✐❝❡ ♣r♦✈✐❞❡s ❛ ♣r❡❧✐♠✐♥❛r② ❞✐❛❣♥♦s✐s t♦ ♣❛t✐❡♥t
❜② ✐♥❞✐❝❛t✐♥❣ ❛❜♥♦r♠❛❧✐t② ✐♥ t❤❡ ♦r❣❛♥ t❤✉s ♣r♦✈✐❞✐♥❣ ❛ ❢❛st❡r ♠❡❞✐❝❛t✐♦♥✳
❋✐❣✉r❡ ✷✳✶✿ ■♦❚ ❡♥❛❜❧❡❞ ✉❧tr❛s♦✉♥❞ ✐♠❛❣✐♥❣ s②st❡♠ ✇✐t❤ ♣r♦♣♦s❡❞ ❈❆❉ ❢♦r ♣r❡❧✐♠✐♥❛r②
❞✐❛❣♥♦s✐s✳
❋♦r ♦✉r ❛♥❛❧②s✐s✱ ✇❡ ❝♦♥s✐❞❡r❡❞ ❯❙ ✐♠❛❣❡s ❝♦♥s✐st✐♥❣ ♦❢ ♥♦r♠❛❧✱ ❝②st ❛♥❞ st♦♥❡ ❝❛s❡s ✐♥
❦✐❞♥❡②✳ ❋✐❣✳ ✷✳✷ s❤♦✇s ✇♦r❦✢♦✇ ♦❢ ♣r♦♣♦s❡❞ ❈❆❉✳ ❆❢t❡r ❝❧❛ss✐✜❝❛t✐♦♥ ❛❧❧ ✐♠❛❣❡s ❛r❡ st♦r❡❞
✐♥ ❝❧♦✉❞ ❛♥❞ ❞♦❝t♦rs ❝❛♥ ❛❝❝❡ss t❤♦s❡ ✐♠❛❣❡s ❜② ♣r♦✈✐❞✐♥❣ t❤❡✐r ♦✇♥ ❧♦❣✐♥ ✐❞ ❛♥❞ ♣❛ss✇♦r❞✳
✼
❋✐❣✉r❡ ✷✳✷✿ ❖✈❡r❛❧❧ ✇♦r❦ ✢♦✇ ♦❢ ♣r♦♣♦s❡❞ ❈❆❉✳
✷✳✶ Pr♦♣♦s❡❞ ❈❆❉ ❢♦r ❑✐❞♥❡② ❯❙ ✐♠❛❣❡s
❇❧♦❝❦ ❞✐❛❣r❛♠ ❢♦r ❈❆❉ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝❧❛ss✐✜❡r ❢♦r ❞❡t❡❝t✐♥❣ t❤❡ ❛❜♥♦r♠❛❧✐t② ♦❢
❦✐❞♥❡② ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✸✳ ❆❢t❡r ❛❝q✉✐r✐♥❣ r❛✇ ✐♠❛❣❡✱ ♥♦✐s❡ ✐s t♦ ❜❡ r❡❞✉❝❡❞ ❛s ✐t ❝❛♥ ❜❡
❛ ♠❛❥♦r ♣r♦❜❧❡♠ ❢♦r s❡❣♠❡♥t❛t✐♦♥ ❬✸✺❪✳ ❲❛✈❡❧❡t ❜❛s❡❞ ♣r❡✲♣r♦❝❡ss✐♥❣ t❡❝❤♥✐q✉❡ ✐s ❛♣♣❧✐❡❞
t♦ r❡❞✉❝❡ t❤❡ ♥♦✐s❡ ❬✸✻❪✳ ❋r♦♠ ❞❡♥♦✐s❡❞ ✐♠❛❣❡✱ ❦✐❞♥❡② r❡❣✐♦♥ ✐s s❡❣♠❡♥t❡❞ ❛♥❞ ❢❡❛t✉r❡s
❢♦r ❢✉rt❤❡r ♣r♦❝❡ss✐♥❣ ❛r❡ ❡①tr❛❝t❡❞✱ ♦✉t ♦❢ ✇❤✐❝❤ ♦♥❧② ❢❡✇ ❢❡❛t✉r❡s ❛r❡ s❡❧❡❝t❡❞ ❛t ❢❡❛t✉r❡
s❡❧❡❝t✐♦♥ t♦ ❝♦♥✜r♠ ❛❜♥♦r♠❛❧✐t② ♣r❡s❡♥t ✐♥ t❤❡ ❦✐❞♥❡② ❬✶✽❪✳
❋✐❣✉r❡ ✷✳✸✿ ❙②st❡♠ ❆r❝❤✐t❡❝t✉r❡ ♦❢ ♣r♦♣♦s❡❞ ❈❆❉✳
■❢ ❛♥② ❛❜♥♦r♠❛❧ ❝❛s❡ ✐s ❞❡t❡❝t❡❞✱ t❤❡♥ ❙❱▼ ❝❧❛ss✐✜❡r ✐s ✉s❡❞ t♦ ❞❡t❡❝t ❝②st ♦r st♦♥❡ ✐♥
✽
❦✐❞♥❡②✳ ❇❛s❡❞ ♦♥ t❤❡ ❝❧❛ss✐✜❡r ❞❡❝✐s✐♦♥✱ ♣r✐♦r✐t② ♦❢ s❡♥❞✐♥❣ ♣❛t✐❡♥t ❞❛t❛ ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ t♦
❤✐❣❤ ✐♥ ❝❛s❡ ♦❢ ❡♠❡r❣❡♥❝②✳ ◆♦r♠❛❧ ❛♥❞ ❆❜♥♦r♠❛❧ ❝❛s❡ ♦❢ ❦✐❞♥❡② ✇✐t❤ ❝②st ❛♥❞ st♦♥❡ ❛r❡
♠❛r❦❡❞ ✇✐t❤ ②❡❧❧♦✇ ❝✐r❝❧❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✹✳
❋✐❣✉r❡ ✷✳✹✿ ✭❛✮ ◆♦r♠❛❧ ❦✐❞♥❡②✱ ✭❜✮ ❑✐❞♥❡② ✇✐t❤ ❈②st✱ ✭❝✮ ❑✐❞♥❡② ✇✐t❤ ❙t♦♥❡✳
✷✳✶✳✶ Pr❡✲♣r♦❝❡ss✐♥❣
❘❡❞✉❝t✐♦♥ ♦❢ s♣❡❝❦❧❡ ♥♦✐s❡ ✐s ♦♥❡ ♦❢ t❤❡ ♦♣❡r❛t✐♦♥ ✇❤✐❝❤ ✐♥❝r❡❛s❡ t❤❡ q✉❛❧✐t② ♦❢ ✉❧tr❛s♦✉♥❞
✐♠❛❣❡s ❜② r❡t❛✐♥✐♥❣ t❤❡ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡s ♦❢ ✐♠❛❣❡✳ ❙♣❡❝❦❧❡ ♥♦✐s❡ ✐s ❞❡t❡r♠✐♥✐st✐❝ ❛♥❞
r❛♥❞♦♠ ✐♥ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡ ✇❤✐❝❤ ✐s s♣❛t✐❛❧❧② ❝♦rr❡❧❛t❡❞ ❛♥❞ ♠✉❧t✐♣❧✐❝❛t✐✈❡ ✐♥ ♥❛t✉r❡ ❬✸✼❪✳
❘❡❞✉❝✐♥❣ t❤❡ s♣❡❝❦❧❡ ♥♦✐s❡ ✐♥ ✐♠❛❣❡ ✇✐❧❧ ✐♠♣r♦✈❡ t❤❡ ❝♦♥t♦✉r ♦❢ ♦r❣❛♥ ✐♥ ❯❙ ✐♠❛❣❡s ❛♥❞
❡❛s✐❡r t♦ s❡❣♠❡♥t✳ ❉❡♥♦✐s✐♥❣ ♦❢ s♣❡❝❦❧❡s ✐s ❞♦♥❡ ✉s✐♥❣ t❤r❡s❤♦❧❞ ✇❛✈❡❧❡t ❝♦❡✣❝✐❡♥ts ❛s s❤♦✇♥
✐♥ ❋✐❣✳ ✷✳✺ ❜② ✉s✐♥❣ t❤❡ ❢❛❝t t❤❛t ✐♥ t❤❡ ✇❛✈❡❧❡t ❞♦♠❛✐♥ ✐♠❛❣❡ ✐s s♣❛rs❡ ✐♥ ♥❛t✉r❡ ❬✸✽❪✳
❋✐❣✉r❡ ✷✳✺✿ ❉❡♥♦✐s✐♥❣ ✉s✐♥❣ ✷ ❧❡✈❡❧ ❉❲❚✿ ❞✇t✷✱ ✐❞✇t✷✳
❖r✐❣✐♥❛❧ ✐♠❛❣❡ ❤❛s ❝♦❡✣❝✐❡♥ts ✇✐t❤ ❧❛r❣❡ ✈❛❧✉❡ ❛♥❞ ✇❤❡♥ ♥♦✐s❡ ✐s ❛❞❞❡❞ t♦ ✐t✱ t❤❡r❡ ✇✐❧❧
❜❡ ❝♦❡✣❝✐❡♥ts ❤❛✈✐♥❣ s♠❛❧❧ ✈❛❧✉❡✳ ❈♦❡✣❝✐❡♥ts ❤❛✈✐♥❣ s♠❛❧❧ ✈❛❧✉❡ ❛r❡ s❡t t♦ ③❡r♦✱ s✐♥❝❡ t❤❡s❡
✈❛❧✉❡s ❜❡❧♦♥❣s t♦ ❛❞❞❡❞ ♥♦✐s❡✳ ●❧♦❜❛❧ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ✐s s❡❧❡❝t❡❞ s✉❝❤ t❤❛t ✈❛❧✉❡s ❜❡❧♦✇ ✐t
❛r❡ s❡t t♦ ③❡r♦ ❛♥❞ ✈❛❧✉❡s ❣r❡❛t❡r t❤❛♥ t❤r❡s❤♦❧❞ ❛r❡ s❡t t♦ st❛rt ❢r♦♠ ③❡r♦✳ ●❧♦❜❛❧ t❤r❡s❤♦❧❞
✈❛❧✉❡ λ ✐s ❣✐✈❡♥ ❜②✿
✾
λ =
√
2 ∗ log(n) ∗ s
✇❤❡r❡ n ✐s t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣✐①❡❧s ✐♥ ✐♠❛❣❡ ❣✐✈❡♥ ❜②N∗M ✇❤❡r❡N ✱M ❛r❡ t❤❡ ❞✐♠❡♥s✐♦♥s
♦❢ ✐♠❛❣❡✱ s ✐s t❤❡ ♥♦✐s❡ ✈❛r✐❛♥❝❡✳ ❉✐s❝r❡t❡ ❲❛✈❡❧❡t ❚r❛♥s❢♦r♠ ✭❉❲❚✮ ♦❢ ✐♠❛❣❡ ✐s ❝❛❧❝✉❧❛t❡❞
❢♦r ✸ ❞❡❝♦♠♣♦s✐t✐♦♥ ❧❡✈❡❧s ❛♥❞ t❤r❡s❤♦❧❞ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡s❡ ❧❡✈❡❧s✳ ■♥✈❡rs❡ ❉✐s❝r❡t❡ ❲❛✈❡❧❡t
❚r❛♥s❢♦r♠ ✭■❉❲❚✮ ✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ r❡s✉❧t❛♥t ✇❛✈❡❧❡t ❝♦❡✣❝✐❡♥ts✱ t♦ ♦❜t❛✐♥ t❤❡ ❞❡♥♦✐s❡❞
✐♠❛❣❡✳ ◆♦✐s② ❛♥❞ ❞❡♥♦✐s❡❞ ✐♠❛❣❡ ♦❜t❛✐♥❡❞ ❛❢t❡r ❛♣♣❧②✐♥❣ ❣❧♦❜❛❧ t❤r❡s❤♦❧❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳
✷✳✻✭❛✮ ❛♥❞ ❋✐❣✳ ✷✳✻✭❜✮ r❡s♣❡❝t✐✈❡❧②✳
❋✐❣✉r❡ ✷✳✻✿ ✭❛✮ ◆♦✐s② ✐♠❛❣❡ ✭❜✮ ❉❡♥♦✐s❡❞ ✐♠❛❣❡
✷✳✶✳✷ ❋✐♥❞✐♥❣ ❘❡❣✐♦♥ ♦❢ ■♥t❡r❡st ✭❘❖■✮
❚♦ ❞♦ ❈❆❉ ♦♥ ❛♥② ♦r❣❛♥✱ ✜rst❧② ✇❡ ❤❛✈❡ t♦ ❡①tr❛❝t r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ❢♦r ❛♥ ♦r❣❛♥ ✐♥ ❛♥
✐♠❛❣❡✱ t❤✐s ✐s s✐♠✐❧❛r t♦ s❡♣❛r❛t✐♥❣ t❤❡ ❢♦r❡❣r♦✉♥❞ ✭♦r❣❛♥ r❡❣✐♦♥✮ ❢r♦♠ ❜❛❝❦❣r♦✉♥❞ ✭r❡❣✐♦♥
♥♦t ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s✮ r❡❣✐♦♥ ❢r♦♠ ❛♥ ✐♠❛❣❡✳ ❉✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❛r❡ ❡♠♣❧♦②❡❞ ❢r♦♠ t❤❡
❧✐t❡r❛t✉r❡ s✉r✈❡② ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❝❧❛ss✐✜❡r ❢♦r ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❛r❡ ♠❡❛s✉r❡❞✳
▼❛♥✉❛❧ ❙❡❣♠❡♥t❛t✐♦♥
❉✉❡ t♦ ♥♦♥r✐❣✐❞ ♥❛t✉r❡ ♦❢ ❦✐❞♥❡② ✐♥ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ❛♥❞ s❝❛♥♥✐♥❣ ❛rt✐❢❛❝ts ❧✐❦❡ ❛❝♦✉st✐❝
s❤❛❞♦✇✐♥❣✱ ❧♦✇ ❝♦♥tr❛st ❛♥❞ ❧♦✇ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦✱ ✇❡ ♠❛♥✉❛❧❧② s❡❣♠❡♥t❡❞ t❤❡ r❡❣✐♦♥ ♦❢
✐♥t❡r❡st ❢r♦♠ ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s✳ ❋♦r ❞♦✐♥❣ ♠❛♥✉❛❧ s❡❣♠❡♥t❛t✐♦♥✱ ❛ ❣r❛♣❤✐❝❛❧ ✉s❡r
✐♥t❡r❢❛❝❡ ✐s ❝r❡❛t❡❞ ❢♦r ❡①tr❛❝t✐♥❣ t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ♦❢ ❦✐❞♥❡②✳ ❲❡ ♠❛♥✉❛❧❧② ♠❛r❦❡❞
♣♦✐♥ts ❛❧♦♥❣ t❤❡ ❝♦♥t♦✉r ♦❢ ❦✐❞♥❡② ❛♥❞ ❝✉❜✐❝ s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ❜❡t✇❡❡♥ t❤❡
♣♦✐♥ts t♦ ❣❡t s♠♦♦t❤ ❝♦♥t♦✉r ❬✸✾❪✳ ◆♦r♠❛❧ ❝❛s❡ ♦❢ ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳
✷✳✼✭❛✮ ✇✐t❤ s❡❣♠❡♥t❡❞ ♣♦✐♥ts ♠❛r❦❡❞ ❛❧♦♥❣ ❝♦♥t♦✉r✱ s❡❣♠❡♥t❡❞ r❡❣✐♦♥ ♦❢ ❦✐❞♥❡② ✐s s❤♦✇♥
✐♥ ❋✐❣✳ ✷✳✼✭❜✮✳ ❋✐❣✳ ✷✳✼✭❝✮ s❤♦✇s ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡ ✇✐t❤ st♦♥❡ ✐♥ ❦✐❞♥❡②✱ ❝♦rr❡s♣♦♥❞✐♥❣
s❡❣♠❡♥t❡❞ r❡❣✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼✭❞✮✳
✶✵
✭❛✮ ◆♦r♠❛❧ ❦✐❞♥❡② ✐♠❛❣❡✳
✭❜✮ ❙❡❣♠❡♥t❡❞ ✐♠❛❣❡ ♦❢
✭❛✮✳
✭❝✮ ❆❜♥♦r♠❛❧ ❦✐❞♥❡② ✐♠✲
❛❣❡✳
✭❞✮ ❙❡❣♠❡♥t❡❞ ✐♠❛❣❡ ♦❢
✭❝✮✳
❋✐❣✉r❡ ✷✳✼✿ ▼❛♥✉❛❧ s❡❣♠❡♥t❛t✐♦♥ ♦❢ ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ❝❛s❡ ♦❢ ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s✳
❆✉t♦♠❛t✐❝ ❘❖■
❘❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✭❘❖■✮ ✐s t❤❡ r❡❣✐♦♥ ✐♥ ♠❡❞✐❝❛❧ ✐♠❛❣❡ ✇❤✐❝❤ ❝♦♥t❛✐♥s ❞✐❛❣♥♦st✐❝❛❧❧② ✐♠♣♦r✲
t❛♥t ❞❛t❛ ❢♦r ❡①❛♠✐♥❛t✐♦♥✳ ❯❧tr❛s♦✉♥❞ ✐♠❛❣❡s ❝♦♥t❛✐♥s ♠♦r❡ s♣❡❝❦❧❡ ♥♦✐s❡ ❛♥❞ ❞❛t❛✱ ✇❤✐❝❤
✐s ♥♦t ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s✳ ❍❡♥❝❡ ✇❡ ❝♦♥s✐❞❡r ♦♥❧② t❤❡ r❡❣✐♦♥ t❤❛t ✐s ✉s❡❢✉❧ ❢♦r tr❛♥s♠✐ss✐♦♥
❛♥❞ ❞✐❛❣♥♦s✐s✳ ■♥ t❤✐s st✉❞②✱ t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✐s ❣❡♥❡r❛t❡❞ ❜❛s❡❞ ♦♥ ❛❧❣♦r✐t❤♠ ♣r♦♣♦s❡❞
❜② ❍❛✜③❛❤ ❡t ❛❧✳ ❬✷✶❪✱ ✇❤❡r❡ t❤❡② ❡①tr❛❝t❡❞ ❘❖■ ❛✉t♦♠❛t✐❝❛❧❧② ❢r♦♠ ✉❧tr❛s♦✉♥❞ ❦✐❞♥❡② ✐♠✲
❛❣❡s ❜❛s❡❞ ♦♥ t❡①t✉r❡ ❛♥❛❧②s✐s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✽✳ ❲✐♥❞♦✇ s✐③❡ ❞❡♣❡♥❞s ♦♥ t❤❡ s❡❡❞ ♣♦✐♥t
s❡❧❡❝t✐♦♥ ❛♥❞ ❝❡♥t❡r ♣✐①❡❧ ✈❛❧✉❡ ♦❢ t❤❡ r❡❣✐♦♥✳ ❚❤❡ r❡❣✐♦♥ ✐♥s✐❞❡ t❤❡ r❡❝t❛♥❣❧❡ ❜♦① ✐s t❤❡
r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st✳ ❆♣♣❧②✐♥❣ ❛✉t♦♠❛t✐❝ ❘❖■ ❛❧❣♦r✐t❤♠ ♦♥ ✷✵✵ ✐♠❛❣❡s✱ ✇❡ ❣♦t ❛♥ ❛❝❝✉r❛❝② ♦❢
✾✺✪ ✇❤❡r❡ t❤❡ ♦r❣❛♥ ❧✐❡s ✐♥s✐❞❡ t❤❡ s❡❧❡❝t❡❞ ✇✐♥❞♦✇✳
❋✐❣✉r❡ ✷✳✽✿ ❘❖■ ♦❢ ❑✐❞♥❡② ❯❙ ✐♠❛❣❡
❆✉t♦♠❛t✐❝ ❘❖■✿ ❱✐♦❧❛ ❏♦♥❡s ▼❡t❤♦❞
❑✐❞♥❡② ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠ ✐s ❜❛s❡❞ ♦♥ ❱✐♦❧❛ ❏♦♥❡s t❡❝❤♥✐q✉❡ ❬✹✵❪✳ ❇❧♦❝❦ ❞✐❛❣r❛♠ ❢♦r
❞❡t❡❝t✐♦♥ ♦❢ ❦✐❞♥❡② r❡❣✐♦♥ ✐s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✾✳ ❚❤✐s ❛❧❣♦r✐t❤♠ ✐s ❞❡s✐❣♥❡❞ ❜② ❣✐✈✐♥❣
❦✐❞♥❡② ❛♥❞ ♥♦♥ ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ❛s ✐♥♣✉t ❛♥❞ ✐s tr❛✐♥❡❞ t♦ r❡❝♦❣♥✐③❡ ❛ ❦✐❞♥❡② ✐♥
✐♠❛❣❡✳ ▲❛t❡r t❤❡ ❞❡s✐❣♥❡❞ ❛❧❣♦r✐t❤♠ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞❡t❡❝t ❦✐❞♥❡② ✐♥ ❛♥② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡✳
❆❝❝♦r❞✐♥❣ t♦ t❤✐s ❛❧❣♦r✐t❤♠ ❛❧❧ t❤❡ ❢❡❛t✉r❡s ♦❢ tr❛✐♥✐♥❣ ❞❛t❛ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❛r❡ st♦r❡❞
✐♥ ❛ ✜❧❡✱ ❧❛t❡r ❢❡❛t✉r❡s ♦❢ ♥❡✇ ✐♥♣✉t ✐♠❛❣❡ ❛r❡ ❡✈❛❧✉❛t❡❞ ❛♥❞ ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ tr❛✐♥❡❞
❢❡❛t✉r❡s t♦ ❞❡t❡❝t ✐❢ t❤❡r❡ ✐s ❦✐❞♥❡② ✐♥ ✐♠❛❣❡ ♦r ♥♦t✳ ❚❤✐s ❜❛s✐❝ ❝♦♠♣♦♥❡♥ts ❝♦rr❡s♣♦♥❞✐♥❣
✶✶
t♦ t❤✐s ❛❧❣♦r✐t❤♠ ✐♥❝❧✉❞❡ ❤❛❛r ❧✐❦❡ ❢❡❛t✉r❡s✱ ✐♥t❡❣r❛❧ ✐♠❛❣❡✱ ❆❞❛❜♦♦st ❛❧❣♦r✐t❤♠ ❛♥❞ ❝❛s❝❛❞❡
❝❧❛ss✐✜❡r✳
❋✐❣✉r❡ ✷✳✾✿ ❇❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ ❱✐♦❧❛ ❏♦♥❡s ▼❡t❤♦❞
❚❡r♠✐♥♦❧♦❣② ■♠❛❣❡✿ ❯❧tr❛s♦✉♥❞ ❇✲♠♦❞❡ ✐♠❛❣❡ ♦❜t❛✐♥❡❞ ❢r♦♠ s✐❡♠❡♥s ✉❧tr❛s♦✉♥❞ ♠❛✲
❝❤✐♥❡ ❲✐♥❞♦✇✿ ❚♦ ❞❡♥♦t❡ ❞❡t❡❝t✐♦♥ r❡❝t❛♥❣❧❡ ✇❤❡r❡ ❢❡❛t✉r❡s ❛r❡ ❡✈❛❧✉❛t❡❞✱ s✐③❡ ♦❢ ✇✐♥❞♦✇
✐s ❧❡ss t❤❛♥ ♦r ❡q✉❛❧ t♦ s✐③❡ ♦❢ ✐♠❛❣❡✳
❘❡❞✉❝t✐♦♥ ♦❢ ▼✉❧t✐♣❧❡ ❞❡t❡❝t✐♦♥s
▼✉❧t✐♣❧❡ ❞❡t❡❝t✐♦♥s ❛r❡ ❛ r❡s✉❧t ♦❢ ♦✈❡r❧❛♣♣✐♥❣ ✇✐♥❞♦✇s ❤❛✈✐♥❣ s❛♠❡ ❢❡❛t✉r❡s ❛s s❤♦✇♥
✐♥ ❋✐❣✳ ✷✳✶✵✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ✉s❡❞ t✇♦ st❛❣❡ ❛♣♣r♦❛❝❤ t♦ r❡❞✉❝❡ t❤❡ ♠✉❧t✐♣❧❡ ❞❡t❡❝t✐♦♥✿
■♥ ✜rst st❛❣❡✱ ❛ ✇✐♥❞♦✇ ✇✐t❤ s✐③❡ ❧❡ss t❤❛♥ t❤r❡s❤♦❧❞ ♦❢ s✐③❡ ✸✵X✸✵ ✐s ❞r♦♣♣❡❞✱ t❤r❡s❤♦❧❞
✐s s❡❧❡❝t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♦❜s❡r✈❛t✐♦♥s ♦❢ s❡✈❡r❛❧ ❦✐❞♥❡② ✐♠❛❣❡s✳ ■♥ s❡❝♦♥❞ st❛❣❡✱ ♠✉❧t✐♣❧❡
✇✐♥❞♦✇s ✇✐t❤ ♦✈❡r❧❛♣♣✐♥❣ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✐s ♠❡r❣❡❞ ✐♥t♦ s✐♥❣❧❡ ✇✐♥❞♦✇ ❜② ❛✈❡r❛❣✐♥❣ t❤❡
❝♦♦r❞✐♥❛t❡s ♦❢ t❤❡ ✇✐♥❞♦✇✳ ❚❤❡ ♦✈❡r❧❛♣♣✐♥❣ ✇✐♥❞♦✇s ✐♥ ✐♠❛❣❡ ✐s ❞❡t❡r♠✐♥❡❞ ✐❢ t❤❡ ✉♥✐♦♥ ♦❢
t✇♦ ♦✈❡r❧❛♣♣✐♥❣ ✇✐♥❞♦✇s ❤❛✈❡ ♠♦r❡ t❤❛♥ ✼✺✪ ♦❢ ♣✐①❡❧s✳
✷✳✶✳✸ ❋❡❛t✉r❡ ❊①tr❛❝t✐♦♥
▼❛♥✉❛❧ s❡❣♠❡♥t❛t✐♦♥ ✐s ❞♦♥❡ ♦♥ t❤❡ s❡t ♦❢ ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ✐♠❛❣❡s ✐♥ ♣r❡s❡♥❝❡ ♦❢
✇❡❧❧ tr❛✐♥❡❞ ❞♦❝t♦r✳ ❋❡❛t✉r❡s r❡q✉✐r❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ ❦✐❞♥❡② ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ s❡❣♠❡♥t❡❞
r❡❣✐♦♥✳ ❚❤❡s❡ ❢❡❛t✉r❡s ❝❛♥ ❜❡ ❝❛t❡❣♦r✐③❡❞ ✐♥t♦ t❤r❡❡ ❝❧❛ss❡s✿ ❆❞❛♣t✐✈❡ ❢❡❛t✉r❡s✱ ❍✐st♦❣r❛♠
❢❡❛t✉r❡s✱ ❍❛r❛❧✐❝❦ ❢❡❛t✉r❡s ❬✶✼❪✳ ❙♦♠❡ ❢❡❛t✉r❡s ❛r❡ ❛❞❛♣t✐✈❡ t❤❛t ✐♥❝❧✉❞❡ s✐③❡✱ ❧♦❝❛t✐♦♥ ❛♥❞
❡❝❤♦ t❡①t✉r❡✳ ❚❤❡ t❡r♠ ❛❞❛♣t✐✈❡ ♠❡❛♥s t❤❡s❡ ❢❡❛t✉r❡s ✈❛r② ❢r♦♠ ♣❡rs♦♥ t♦ ♣❡rs♦♥ ❛♥❞ ❤❡♥❝❡
❝❛♥♥♦t ❜❡ ❣❡♥❡r❛❧✐③❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ ❡❝❤♦ t❡①t✉r❡ ✈❛r✐❡s ❜❡t✇❡❡♥ t❤✐♥ ❛♥❞ ♠✉s❝❧❡❞ ♣❡rs♦♥s✱
t❤✐♥ ♣❡♦♣❧❡ ❤❛✈❡ ❞❛r❦ ❡❝❤♦ t❡①t✉r❡ ❛♥❞ ❦✐❞♥❡② ✐s ✈✐s✐❜❧❡ ❝❧❡❛r❧② ❜✉t ♠✉s❝❧❡❞ ♣❡♦♣❧❡ ❤❛✈❡
❧✐❣❤t ❡❝❤♦ t❡①t✉r❡✱ ❧❛t✐t✉❞✐♥❛❧ ❧❡♥❣t❤ ♦❢ ♥♦r♠❛❧ ❦✐❞♥❡② ✈❛r✐❡s ❢r♦♠ ✽ ❝♠ ❢♦r s❤♦rt ♣❡♦♣❧❡
❛♥❞ ✶✷ ❝♠ ❢♦r t❛❧❧ ♣❡♦♣❧❡ ♠❛❦✐♥❣ ✐t ❞✐✣❝✉❧t t♦ ❝❛t❡❣♦r✐③❡ t❤❡ ❦✐❞♥❡②✳ ❈♦♠♣❛r❛t✐✈❡ st✉❞②
✐s t♦ ❜❡ ❞♦♥❡ ❜❡t✇❡❡♥ t✇♦ ❦✐❞♥❡②s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝❤❛♥❣❡ ✐♥ s✐③❡ ♦❢ ❦✐❞♥❡②✳ ❚❤✐s ♠❡t❤♦❞
❛❧s♦ ❡❧✐♠✐♥❛t❡s ❢❛❧s❡ ♥❡❣❛t✐✈❡ ♦❢ ❛❜♥♦r♠❛❧✐t② ❞❡t❡❝t✐♦♥ ✐♥ ❝❛s❡ ♦❢ ❞✐❛❜❡t✐❝s ✇❤❡r❡ ❦✐❞♥❡②s
❛r❡ ✉s✉❛❧❧② ❧❛r❣❡r ✐♥ s✐③❡✳ ■♥t❡♥s✐t② ❤✐st♦❣r❛♠ ❢❡❛t✉r❡s ✐♥❝❧✉❞❡ ♠❡❛♥✱ ✈❛r✐❛♥❝❡✱ s❦❡✇♥❡ss✱
❦✉rt♦s✐s✱ ❡♥❡r❣② ❛♥❞ ❡♥tr♦♣②✳
❋❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ❤✐st♦❣r❛♠ ❣✐✈❡s ✜rst ♦r❞❡r st❛t✐st✐❝❛❧ ❢❡❛t✉r❡s ♦❢ ❛♥ ✐♠✲
❛❣❡✱ ✇❤✐❝❤ ✐s ✉s❡❢✉❧ ❢♦r ♦r❣❛♥ r❡❝♦❣♥✐t✐♦♥ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❍❛r❛❧✐❝❦ ❢❡❛t✉r❡s ❛❧s♦ ❝❛❧❧❡❞ ❛s
✶✷
❋✐❣✉r❡ ✷✳✶✵✿ ✭❛✮✱✭❝✮ ▼✉❧t✐♣❧❡ ❞❡t❡❝t✐♦♥ ♦❢ ❦✐❞♥❡② ✐♥ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s✱ r❡❞ ❜♦①❡s s❤♦✇s t❤❡
r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ❢♦r ❦✐❞♥❡②✳ ✭❜✮ ▼❡r❣✐♥❣ ♦❢ ▼✉❧t✐♣❧❡ ❞❡t❡❝t✐♦♥ ✐♥ ✭❛✮ t♦ ❢♦r♠ s✐♥❣❧❡ ❘❖■✳
✭❞✮ ❙✐♥❣❧❡ ❘❖■ ❞❡t❡❝t✐♦♥ ♦♥ ✭❝✮ ✉s✐♥❣ t❤r❡s❤♦❧❞ t❡❝❤♥✐q✉❡✳
●r❛② ▲❡✈❡❧ ❈♦✲♦❝❝✉r❡♥❝❡ ▼❛tr✐① ✭●▲❈▼✮ ❢❡❛t✉r❡s ❛r❡ r♦t❛t✐♦♥❛❧ ✐♥✈❛r✐❛♥t ❢❡❛t✉r❡s ✇❤✐❝❤ ✐♥✲
❝❧✉❞❡ ❛✉t♦ ❝♦rr❡❧❛t✐♦♥✱ ❝♦♥tr❛st✱ ❝❧✉st❡r ♣r♦♠✐♥❡♥❝❡✱ ❝♦rr❡❧❛t✐♦♥✱ ❝❧✉st❡r s❤❛❞❡✱ ❤♦♠♦❣❡♥❡✐t②✱
❞✐ss✐♠✐❧❛r✐t②✱ ♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t②✱ s✉♠ ❛✈❡r❛❣❡✱ s✉♠ ♦❢ sq✉❛r❡s✱ s✉♠ ✈❛r✐❛♥❝❡✱ ❞✐✛❡r❡♥❝❡
✈❛r✐❛♥❝❡✱ s✉♠ ❡♥tr♦♣②✱ ❞✐✛❡r❡♥❝❡ ❡♥tr♦♣②✱ ✐♥❢♦r♠❛t✐♦♥ ♠❡❛s✉r❡ ♦❢ ❝♦rr❡❧❛t✐♦♥ ❛♥❞ ✐♥✈❡rs❡
❞✐✛❡r❡♥❝❡ ♠♦♠❡♥t ♥♦r♠❛❧✐③❡❞ ❬✹✶❪✳ ❚❤❡s❡ ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ ❝♦✲♦❝❝✉rr❡♥❝❡ ♠❛tr✐① G ♦❢ ❞✐✲
♠❡♥s✐♦♥ Ng ✭♥✉♠❜❡r ♦❢ ❣r❛② ❧❡✈❡❧✮ ❛s ❣✐✈❡♥ ❜❡❧♦✇✱ ❡❛❝❤ ❡❧❡♠❡♥t P (i, j) ❣✐✈❡s t❤❡ ♣r♦❜❛❜✐❧✐t②
♦❢ ♦❝❝✉rr❡♥❝❡ ♦❢ ❣r❛② ❧❡✈❡❧ i ✐♥ t❤❡ s♣❡❝✐✜❡❞ s♣❛t✐❛❧ r❡❧❛t✐♦♥s❤✐♣ ✇✐t❤ ❣r❛② ❧❡✈❡❧ j✳
G =


P (1, 1) . . . P (1, Ng)
✳✳✳
✳ ✳ ✳
✳✳✳
P (Ng, 1) · · · P (Ng, Ng)


µx =
Ng∑
i=1
iPx(i), µy =
Ng∑
j=1
jPy(j)
σ2x =
Ng∑
i=1
(Px(i)− µx)
2, σ2y =
Ng∑
j=1
(Py(j)− µy)
2
Px(i) =
Ng∑
i=1
P (i, j), Py(j) =
Ng∑
j=1
P (i, j),
Px+y(k) =
Ng∑
i,j=1
P (i, j)
✶✸
✇❤❡r❡ µx✱ µy✱ σx✱ σy ❛r❡ t❤❡ ♠❡❛♥ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ Px ❛♥❞ Py✳ Px(i)✱ Py(j) ✐s
s✉♠ ♦❢ ith r♦✇ ❛♥❞ jth ❝♦❧✉♠♥ r❡s♣❡❝t✐✈❡❧②✳
✷✳✶✳✹ ❋❡❛t✉r❡ ❙❡❧❡❝t✐♦♥
❍✐st♦❣r❛♠ ❢❡❛t✉r❡s ❣✐✈❡s ✐♥t❡♥s✐t② ❞✐str✐❜✉t✐♦♥ ♦❢ ❛♥ ✐♠❛❣❡✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ♠❡❛♥✱ s❦❡✇♥❡ss✱
❦✉rt♦s✐s✱ ✈❛r✐❛♥❝❡ ❛♥❞ ❡♥tr♦♣②✳ ❙✐♠✐❧❛r❧② ❢r♦♠ ❍❛r❛❧✐❝❦ ❢❡❛t✉r❡s✱ ✶✻ ❢❡❛t✉r❡s ❛r❡ ❝♦♠♣✉t❡❞
❢r♦♠ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st✳ ❖✉t ♦❢ t❤❡s❡ ♠❡❛♥✱ s❦❡✇♥❡ss✱ ❦✉rt♦s✐s ❛r❡ s❡❧❡❝t❡❞ ❢r♦♠ ❤✐st♦❣r❛♠
❢❡❛t✉r❡s ❛♥❞ ❝❧✉st❡r s❤❛❞❡ ❢❡❛t✉r❡ ✐s s❡❧❡❝t❡❞ ❢r♦♠ ❍❛r❛❧✐❝❦ ❢❡❛t✉r❡s ❬✹✷❪✱ ❢✉rt❤❡r st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ♦❢ ❡❛❝❤ ♠❡tr✐❝ ✐s ❝❛❧❝✉❧❛t❡❞ s❡♣❛r❛t❡❧② ❢♦r ❛❧❧ ✐♠❛❣❡s ❛♥❞ t❤♦s❡ ✇✐t❤ ❧♦✇❡r ❞❡✈✐❛✲
t✐♦♥ ❛r❡ ❢✉rt❤❡r s❡❧❡❝t❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ♣❛r❛♠❡t❡r ❧❡♥❣t❤ t♦ tr❛✐♥ ❝❧❛ss✐✜❡r✳ ❲❡ ❢♦✉♥❞ t❤❛t
❤♦♠♦❣❡♥❡✐t②✱ ♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t②✱ ❝♦rr❡❧❛t✐♦♥✱ s✉♠ ❛✈❡r❛❣❡ ❛♥❞ s✉♠ ♦❢ sq✉❛r❡s ❤❛✈❡ ❧❡❛st
❞❡✈✐❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦t❤❡r ❢❡❛t✉r❡s✳ ❋✐♥❛❧❧② t❤❡s❡ ✾ ♦♣t✐♠✐③❡❞ ❢❡❛t✉r❡s ❛r❡ ❝♦♥s✐❞✲
❡r❡❞ ❢♦r ❢✉rt❤❡r ❝❧❛ss✐✜❝❛t✐♦♥ r❛t❤❡r t❤❛♥ ❝♦♥s✐❞❡r✐♥❣ ❛❧❧ t❤❡ ❢❡❛t✉r❡s✳ ❚❤❡s❡ ❢❡❛t✉r❡s ❛r❡
❝♦♠♣✉t❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✇❛②✳
Mean, µ =
1
MN
∑
i,j
I(i, j) ✭✷✳✶✮
Kurtosis =
1
MN
∑
i,j
(I(i, j)− µ)4
σ4
✭✷✳✷✮
Skewness =
1
MN
∑
i,j
(I(i, j)− µ)3
σ3
✭✷✳✸✮
correlation =
Ng∑
i,j=1
{i× j} × P (i, j)− {µx × µy}
σxσy
✭✷✳✹✮
sum avg =
2Ng∑
i=1
iPx+y(i) ✭✷✳✺✮
max prob. =
Ng∑
i,j=1
max(P (i, j)) ✭✷✳✻✮
cluster shade =
∑
i,j
(i+ j − µx − µy)
3P (i, j) ✭✷✳✼✮
homogeneity =
∑
i,j
P (i, j)
1 + |i− j|
✭✷✳✽✮
sum of squares =
∑
i,j
(i− µx)
2P (i, j) ✭✷✳✾✮
✇❤❡r❡ I(i, j) ✐s t❤❡ ✐♥t❡♥s✐t② ✈❛❧✉❡ ❛t ith r♦✇ ❛♥❞ jth ❝♦❧✉♠♥✳
✶✹
✷✳✶✳✺ ◆♦r♠❛❧✴❆❜♥♦r♠❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❑✐❞♥❡②
❚❤❡ ❝❧❛ss✐✜❡r ✐s ✐♥✐t✐❛❧❧② ❧♦❛❞❡❞ ✇✐t❤ ❢❡❛t✉r❡s ❤❛✈✐♥❣ ❞❡s✐r❡❞ r❛♥❣❡ ❛s ♠❡♥t✐♦♥❡❞ ✐♥ ❚❛❜❧❡
✷✳✶✳ ❙✐♥❝❡ ❧❡♥❣t❤ ✐s ❛♥ ❛❞❛♣t✐✈❡ ❢❡❛t✉r❡ ✐t ❤❛s t♦ ❜❡ tr❛✐♥❡❞ ❡✈❡r② t✐♠❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
♣❛t✐❡♥t✱ ❢♦r ❡①❛♠♣❧❡ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❞✐❛❜❡t✐❝s t❤❡ s✐③❡ ♦❢ ❦✐❞♥❡② ✇✐❧❧ ❜❡ ♠♦r❡ t❤❛♥ ✶✷ ❝♠ ❜✉t
t❤✐s ❝❛s❡ ✐s t♦ ❜❡ ✐❞❡♥t✐✜❡❞ ❛s ♥♦r♠❛❧✳ ■♥t❡♥s✐t② ❛♥❞ ❍❛r❛❧✐❝❦ ❢❡❛t✉r❡s ♥❡❡❞ ♥♦t ❜❡ ❝❤❛♥❣❡❞
❛s t❤❡② ❛r❡ ✜①❡❞✳
❚❛❜❧❡ ✷✳✶✿ ❉❡s✐r❡❞ r❛♥❣❡ ♦❢ ❢❡❛t✉r❡s ❡①tr❛❝t❡❞ ❢r♦♠ ♥♦r♠❛❧ ❦✐❞♥❡②✳
❙❧✳◆♦ ❋❡❛t✉r❡ ❉❡s✐r❡❞ ❘❛♥❣❡
✶ ▲❡♥❣t❤ ✽✲✶✷ ❝♠
✷ ❙✉♠ ❆✈❡r❛❣❡ ✵✳✹✶✹✲✹✳✶✽✷
✸ ▼❡❛♥ ✶✳✵✽✲✶✳✸✸✻
✹ ❙❦❡✇♥❡ss ✷✳✽✷✷✲✼✳✼✵✽
✺ ❑✉rt♦s✐s ✶✶✳✵✻✲✼✶✳✶✺✷
✻ ❈♦rr❡❧❛t✐♦♥ ✵✳✾✼✶✲✵✳✾✽✼
✼ ❈❧✉st❡r ❙❤❛❞❡ ✼✷✲✷✹✸
✽ ❍♦♠♦❣❡♥❡✐t② ✵✳✾✾✸✲✵✳✾✾✽
✾ ▼❛①✐♠✉♠ Pr♦❜❛❜✐❧✐t② ✵✳✽✹✵✲✵✳✾✻✾
✶✵ ❙✉♠ ♦❢ ❙q✉❛r❡s ✵✳✽✷✽✲✶✵✳✼✺✻
✷✳✶✳✻ ❙❱▼ ❈❧❛ss✐✜❡r
❙✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s ✭❙❱▼s✮ ❛r❡ s❡t ♦❢ s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ♠❡t❤♦❞s ✉s❡❞ ❢♦r ❝❧❛ss✐✲
✜❝❛t✐♦♥✱ r❡❣r❡ss✐♦♥ ❛♥❞ ♦✉t❧✐❡r✬s ❞❡t❡❝t✐♦♥✳ ❙❱▼ ♠♦❞❡❧s ❛r❡ ❞❡s✐❣♥❡❞ ❜❛s❡❞ ♦♥ ❧❡❛r♥✐♥❣
❛❧❣♦r✐t❤♠s t❤❛t ❤❡❧♣ ✐♥ ❛♥❛❧②s✐♥❣ ❞❛t❛ ❛♥❞ r❡❝♦❣♥✐③✐♥❣ ♣❛tt❡r♥s✳ ■❢ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s ❡❛s✐❡r ✐♥
❛ ❤✐❣❤✲❞✐♠❡♥s✐♦♥❛❧ ❢❡❛t✉r❡ s♣❛❝❡✱ ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ❜✉✐❧❞ ❛ ♠❛①✐♠❛❧ ♠❛r❣✐♥ ❤②♣❡r♣❧❛♥❡ ✐♥
t❤❛t s♣❛❝❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶✶✳ ❲❡ ❝❤♦♦s❡ t❤❡ ❤②♣❡r ♣❧❛♥❡ s✉❝❤ t❤❛t t❤❡ ❞✐st❛♥❝❡ ❢r♦♠
❤②♣❡r ♣❧❛♥❡ t♦ ♥❡❛r❡st s✉♣♣♦rt ✈❡❝t♦rs ♦♥ ❜♦t❤ s✐❞❡s ✐s ♠❛①✐♠✐③❡❞✳
❚❤❡ ❝♦♥str✉❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ ✐♥♥❡r ♣r♦❞✉❝ts✱ ✇❡ ✇✐❧❧ ❤❛✈❡ t♦ ❡✈❛❧✉❛t❡ ✐♥♥❡r ♣r♦❞✉❝ts
✐♥ t❤❡ ❢❡❛t✉r❡ s♣❛❝❡✳ ❚❤✐s ❝❛♥ ❜❡ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ✐♥tr❛❝t❛❜❧❡✱ ✐❢ t❤❡ ❞✐♠❡♥s✐♦♥s ❜❡❝♦♠❡
t♦♦ ❧❛r❣❡✳ ❯s✐♥❣ ♦❢ ❦❡r♥❡❧ ❢✉♥❝t✐♦♥ t❤❛t ❧✐✈❡s ✐♥ ❧♦✇ ❞✐♠❡♥s✐♦♥s✱ ❜✉t ❜❡❤❛✈❡s ❧✐❦❡ ❛♥ ✐♥♥❡r
♣r♦❞✉❝t ✐♥ ❤✐❣❤ ❞✐♠❡♥s✐♦♥s ❬✹✸❪ ❬✹✹❪✳ ■♥ tr❛✐♥✐♥❣ ♣❤❛s❡✱ ❙❱▼ tr✐❡s t♦ ❜✉✐❧❞ ❛ ♠♦❞❡❧ t❤❛t ❜❡st
s❡♣❛r❛t❡s t❤❡ ❢❡❛t✉r❡s ♦❢ t✇♦ ❞✐✛❡r❡♥t ❝❧❛ss❡s✳ ❙❱▼ ✉s❡s ❛♥ ♦♣t✐♠✐③❛t✐♦♥ ♠❡t❤♦❞ t♦ ✐❞❡♥t✐❢②
s✉♣♣♦rt ✈❡❝t♦rs Si✱ ✇❡✐❣❤ts Wi✱ ❛♥❞ ❜✐❛s B t❤❛t ❛r❡ ✉s❡❞ t♦ ❝❧❛ss✐❢② ✈❡❝t♦rs X ❛❝❝♦r❞✐♥❣ t♦
t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥✿
Y =
∑
i
WiK(Si, X) +B ✭✷✳✶✵✮
✇❤❡r❡ K ✐s ❛ ❦❡r♥❡❧ ❢✉♥❝t✐♦♥✳ ❉✐✛❡r❡♥t ❦❡r♥❡❧ ❢✉♥❝t✐♦♥s ❧✐❦❡ ❧✐♥❡❛r✱ ♣♦❧②♥♦♠✐❛❧✱ r❛❞✐❛❧ ❜❛s✐s✱
♠✉❧t✐❧❛②❡r ♣❡r❝❡♣t✐♦♥ ❛r❡ ✉s❡❞ ✇✐t❤ ❙❱▼ ❝❧❛ss✐✜❡r ❬✹✹❪✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛ ❧✐♥❡❛r ❦❡r♥❡❧✱ K
✐s t❤❡ ❞♦t ♣r♦❞✉❝t✳ ■❢ Y ≥ 0✱ t❤❡♥ ❳ ✐s ❝❧❛ss✐✜❡❞ ❛s ❛ ♠❡♠❜❡r ♦❢ t❤❡ ✜rst ❣r♦✉♣✱ ❡❧s❡ ✐t ✐s
❝❧❛ss✐✜❡❞ ❛s ❛ ♠❡♠❜❡r ♦❢ t❤❡ s❡❝♦♥❞ ❣r♦✉♣✳
✶✺
❋✐❣✉r❡ ✷✳✶✶✿ ❙❱▼ ❈❧❛ss✐✜❡r ❍②♣❡r♣❧❛♥❡ ❙❡♣❛r❛t✐♦♥✳
▲✐♥❡❛r ❙❱▼
■❢ D ❜❡ t❤❡ tr❛✐♥✐♥❣ ❞❛t❛ ♦❢ ❜♦t❤ ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ✐♠❛❣❡s ✇✐t❤ ❛ s❡t ♦❢ n ✐♠❛❣❡s✱ ✐t
❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ♦❢ t❤❡ ❢♦r♠
D = ((xi, yi)|xi ∈ R
p, yi ∈ (−1, 1))
n
i=1 ✭✷✳✶✶✮
✇❤❡r❡ yi ✐s ❡✐t❤❡r ✶ ♦r ✲✶✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ ❝❧❛ss t♦ ✇❤✐❝❤ xi ❜❡❧♦♥❣s✳ xi ✐s t✇♦ ❞✐♠❡♥s✐♦♥❛❧
✈❡❝t♦r✱ ♦❢ ✇❤✐❝❤ x1 ✐s ❞❛t❛ s❡t ♦❢ ♥♦r♠❛❧ ✐♠❛❣❡s ❛♥❞ x2 ✐s ❞❛t❛ s❡t ♦❢ ❛❜♥♦r♠❛❧ ✐♠❛❣❡s✳
▲✐♥❡❛r ❦❡r♥❡❧ ✜♥❞s ❤②♣❡r♣❧❛♥❡ t♦ ❝❧❛ss✐❢② t❤❡ ✐♠❛❣❡s ❤❛✈✐♥❣ yi = 1 ❛♥❞ yi = −1✳
P♦❧②♥♦♠✐❛❧ ❦❡r♥❡❧
P♦❧②♥♦♠✐❛❧ ❦❡r♥❡❧ ✐s ❞❡✜♥❡❞ ❛s
k(x, y) = (xT y + c)d ✭✷✳✶✷✮
✇❤❡r❡ x ❛♥❞ y ❛r❡ ✈❡❝t♦rs ✐♥ t❤❡ ✐♥♣✉t s♣❛❝❡✱ ✐✳❡✳✱ ✈❡❝t♦rs ♦❢ ❢❡❛t✉r❡s ❝♦♠♣✉t❡❞ ❢r♦♠ tr❛✐♥✐♥❣
❛♥❞ t❡st s❛♠♣❧❡s✳ d ✐s s❡t t♦ ✸ ❛♥❞ c ✐s s❡t t♦ ✵ ❛s ✇❡ ❝♦♠♣✉t❡❞ r❡s✉❧ts ❢♦r ❤♦♠♦❣❡♥❡♦✉s
❦❡r♥❡❧✳
❘❛❞✐❛❧ ❜❛s✐s ❢✉♥❝t✐♦♥ ❦❡r♥❡❧
❘❛❞✐❛❧ ❜❛s✐s ❢✉♥❝t✐♦♥ ❦❡r♥❡❧ ✐s ❛ ●❛✉ss✐❛♥ ❦❡r♥❡❧✳ ■t ❤❛s t✇♦ s❛♠♣❧❡s x ❛♥❞ x
′
✱ r❡♣r❡s❡♥t✐♥❣
❢❡❛t✉r❡ ✈❡❝t♦rs ♦❢ ❣✐✈❡♥ ✐♥♣✉t ✐♠❛❣❡✳ ■t ✐s ❞❡✜♥❡❞ ❛s
k(x, x
′
) = exp(
||x− x
′
||2
2σ2
) ✭✷✳✶✸✮
✶✻
||x−x
′
||2 ✐s t❤❡ sq✉❛r❡❞ ❊✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❢❡❛t✉r❡ ✈❡❝t♦rs✳ σ ✐s ✈❛r✐❛♥❝❡ ♦❢ ●❛✉ss✐❛♥
❦❡r♥❡❧ ❛♥❞ ✐s s❡t t♦ ✶ ✐♥ ♦✉r ❝❛s❡✳
▼✉❧t✐✲▲❛②❡r ♣❡r❝❡♣tr♦♥
▼✉❧t✐✲▲❛②❡r P❡r❝❡♣tr♦♥ r❡s❡♠❜❧❡ ❧✐❦❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛♥❞ ❛❧s♦ ❝❛❧❧❡❞ ❛s ❤②♣❡r❜♦❧✐❝ t❛♥❣❡♥t
❦❡r♥❡❧✳ ■t ❝♦♠❜✐♥❡s s❡✈❡r❛❧ s✐♥❣❧❡ ❧❛②❡r ♣❡r❝❡♣tr♦♥✬s✳ ❊❛❝❤ s✐♥❣❧❡ ❧❛②❡r ♣❡r❝❡♣tr♦♥ ✉s❡s ❛
s✐❣♠♦✐❞ s❤❛♣❡❞ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❧✐❦❡ t❤❡ ❧♦❣✐st✐❝ ♦r ❤②♣❡r❜♦❧✐❝ t❛♥❣❡♥t ❢✉♥❝t✐♦♥✿
k(x, x
′
) = tanh(ρ〈x, x
′
〉, δ) ✭✷✳✶✹✮
❚❤❡ s✐♠♣❧❡st ❛❧❣♦r✐t❤♠ ❢♦r tr❛✐♥✐♥❣ ❛ ♠✉❧t✐❧❛②❡r ♣❡r❝❡♣tr♦♥ ✐s t❤❡ ❜❛❝❦♣r♦♣❛❣❛t✐♦♥ ❛❧❣♦✲
r✐t❤♠✱ ✇❤✐❝❤ ✐s ❛s ❢♦❧❧♦✇s✿
✶✳ ❙❡❧❡❝t s♠❛❧❧ r❛♥❞♦♠ ✇❡✐❣❤ts ✇✳
✷✳ ❯♥t✐❧ ❤❛❧t✐♥❣ ❝♦♥❞✐t✐♦♥✿
✭❛✮ ❙❡❧❡❝t ❛ r❛♥❞♦♠ tr❛✐♥✐♥❣ ❡①❛♠♣❧❡✳
✭❜✮ ❈❛❧❝✉❧❛t❡ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❤✐❞❞❡♥ ❧❛②❡r✳
✭❝✮ ❈❛❧❝✉❧❛t❡ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ♦✉t♣✉t ❧❛②❡r✳
✭❞✮ ❈❛❧❝✉❧❛t❡ ❡rr♦r ❢♦r ♦✉t♣✉t ❧❛②❡r✳
✭❡✮ ❈❛❧❝✉❧❛t❡ ❡rr♦r ❢♦r ❤✐❞❞❡♥ ❧❛②❡r✳
✭❢✮ ❯♣❞❛t❡ ✇❡✐❣❤ts✳
✷✳✶✳✼ Ps❡✉❞♦ ❝♦❞❡ ❢♦r ♣r♦♣♦s❡❞ ❈❆❉
❙t❡♣s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ❈❆❉ ❛♥❛❧②s✐s ❛r❡ s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✶✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣❛t✐❡♥t✬s
❝♦♥❞✐t✐♦♥✱ ❧♦♥❣✐t✉❞✐♥❛❧ ❧❡♥❣t❤ ♦❢ ♥♦r♠❛❧ ❦✐❞♥❡② ✐s ❝♦♥s✐❞❡r❡❞ ❛s t❤r❡s❤♦❧❞✳ ▲❛t❡r ✾ ❢❡❛t✉r❡s
❡①tr❛❝t❡❞ ❢r♦♠ ❢❡❛t✉r❡ s❡❧❡❝t✐♦♥ ❜❧♦❝❦ ❛♥❞ ❧❡♥❣t❤ ♦❢ ❦✐❞♥❡② ❛r❡ ❢❡❞ ❛s ✐♥♣✉ts t♦ ❝❧❛ss✐✜❡r
❜❧♦❝❦✳ ❚❤❡ ✐♥t❡r✈❛❧s ❛r❡ t❤❡♥ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤r❡s❤♦❧❞ ✈❛❧✉❡s ❛♥❞ ✐❢ ❛♥② ❢❡❛t✉r❡ ❡①❝❡❡❞s
t❤❡ t❤r❡s❤♦❧❞ ❧✐♠✐t t❤❡♥ ❝❧❛ss✐✜❡r ❞❡❝✐❞❡s t❤❛t t❤❡ ❦✐❞♥❡② ✐s ❛❜♥♦r♠❛❧ ❛♥❞ s❡♥❞s t❤❡ ❞❛t❛
t♦ ❝❧♦✉❞ ✇✐t❤ ❤✐❣❤ ♣r✐♦r✐t② r❡q✉❡st✐♥❣ ❞♦❝t♦r ❢♦r ✐♠♠❡❞✐❛t❡ ❞✐❛❣♥♦s✐s✳ ❆❢t❡r ❝❧❛ss✐❢②✐♥❣ t❤❡
✐♠❛❣❡ ❤❛s ❛❜♥♦r♠❛❧✱ t❤❡ ✐♠❛❣❡ ❤❛s t♦ ❜❡ ❢✉rt❤❡r ❝❧❛ss✐✜❡❞ ❛s ❝②st ❛♥❞ st♦♥❡ ✉s✐♥❣ s✉♣❡r✈✐s❡❞
❙❱▼ ❝❧❛ss✐✜❡r✳
✷✳✶✳✽ ❉❛t❛❜❛s❡ ❆❝q✉✐s✐t✐♦♥
❲❡ ❛❝q✉✐r❡❞ ✐♠❛❣❡s ✉s✐♥❣ ❙✐❡♠❡♥s ❆❝✉s♦♥ ❙✷✵✵✵ ✉❧tr❛s♦✉♥❞ ♠❛❝❤✐♥❡ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ r❛✲
❞✐♦❧♦❣✐st ❜② t❛❦✐♥❣ ♣❛t✐❡♥ts ❛♣♣r♦✈❛❧ ♦♥ ♣❛t✐❡♥t ❝♦♥s❡♥t ❢♦r♠✳ ✺✵✽ ♣❛t✐❡♥ts ✐♥❝❧✉❞✐♥❣ ♠❛❧❡
❛♥❞ ❢❡♠❛❧❡ ❣❡♥❞❡r ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ♣r♦❝❡❞✉r❡✳ ❚❤❡ ♣❛t✐❡♥ts ❛r❡ ✐♥ t❤❡ ❛❣❡
❣r♦✉♣ ♦❢ ✶✹ t♦ ✻✵ ②❡❛rs✳ ▲♦❣❛r✐t❤♠✐❝❛❧❧② ❝♦♠♣r❡ss❡❞ ❦✐❞♥❡② ✐♠❛❣❡s ❛r❡ ❛❝q✉✐r❡❞ ❢r♦♠ t❤❡
✶✼
❆❧❣♦r✐t❤♠ ✶ ❆✉t♦♠❛t✐❝ ❑✐❞♥❡② ❈❧❛ss✐✜❝❛t✐♦♥✳
■♥✐t✐❛❧✿ ❙❡t Threshold ✈❛❧✉❡s
❙❡t abnormal❴count❂✵ ❀
✶✿ ♣r♦❝❡❞✉r❡ ❉❡❝✐s✐♦♥ ▼❛❦❡r✭Extracted Features✮
✷✿ ❈♦♠♠❡♥t✿ ❈❛❧❝✉❧❛t❡ ♠❡❛♥✱ s❦❡✇♥❡ss✱ ❦✉rt♦s✐s✱ ❝♦rr❡❧❛t✐♦♥✱ ❝❧✉st❡r s❤❛❞❡✱ ❤♦♠♦✲
❣❡♥❡✐t②✱ ♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t②✱ s✉♠ ♦❢ sq✉❛r❡s✱ s✉♠ ❛✈❡r❛❣❡ ✐♥t❡r✈❛❧s✳
✸✿ ❈❛❧❝✉❧❛t❡ length of normal kidney ❀
✹✿ ❙❡t ❧❡♥❣t❤✳t❤r❡s❤♦❧❞ ❂ ❧❡♥❣t❤ ♦❢ ♥♦r♠❛❧ ❦✐❞♥❡②❀
✺✿ ❈❛❧❝✉❧❛t❡ Data.length❴interval ❀
✻✿ ✐❢ Data.length 6= length.threshold t❤❡♥
✼✿ ❉❡❝✐❞❡ t❤❡ ❦✐❞♥❡② ✐s ❛❜♥♦r♠❛❧❀
✽✿ ❙❡♥❞ ❞❛t❛ ✇✐t❤ ❤✐❣❤ ♣r✐♦r✐t②❀
✾✿ ❈❛❧❝✉❧❛t❡ Data.mean❴interval ❀
✶✵✿ ❈❛❧❝✉❧❛t❡ Data.skewness❴interval ❀
✶✶✿ ❈❛❧❝✉❧❛t❡ Data.krutosis❴interval ❀
✶✷✿ ❈❛❧❝✉❧❛t❡ Data.correlation❴interval ❀
✶✸✿ ❈❛❧❝✉❧❛t❡ Data.clustershade❴interval ❀
✶✹✿ ❈❛❧❝✉❧❛t❡ Data.homogeneity❴interval ❀
✶✺✿ ❈❛❧❝✉❧❛t❡ Data.maximumprobability❴interval ❀
✶✻✿ ❈❛❧❝✉❧❛t❡ Data.sumofsquares❴interval ❀
✶✼✿ ❈❛❧❝✉❧❛t❡ Data.sumaverage❴interval ❀
✶✽✿ ✐❢ Data exceeds Threshold t❤❡♥
✶✾✿ ❚r❛♥s♠✐t t❤❡ ❞❛t❛ ✐♠♠❡❞✐❛t❡❧②❀
✷✵✿ ❙❡t abnormal❴count❂✶❀
✷✶✿ ❆♣♣❧② SVMClassifier ❀
✷✷✿ ✐❢ classifier❴output = 0 t❤❡♥
✷✸✿ ❈②st ✐s ♣r❡s❡♥t ✐♥ ❑✐❞♥❡② ❀
✷✹✿ ❡❧s❡
✷✺✿ ❙t♦♥❡ ✐s ♣r❡s❡♥t ✐♥ ❑✐❞♥❡②❀
✷✻✿ ❡♥❞ ✐❢
✷✼✿ ❡❧s❡
✷✽✿ ❙❡t length.threshold ♣❛r❛♠❡t❡r❀
✷✾✿ abnormal❴count ❂ ✵❀
✸✵✿ ❡♥❞ ✐❢
✸✶✿ ❡❧s❡
✸✷✿ ❉❡❝✐❞❡ t❤❡ ♣❛t✐❡♥t ✐s ♥♦r♠❛❧❀
✸✸✿ ❚r❛♥s♠✐t t❤❡ ❞❛t❛❀
✸✹✿ ❡♥❞ ✐❢
✸✺✿ ❡♥❞ ♣r♦❝❡❞✉r❡
♠❛❝❤✐♥❡✳ ❚❤❡ ❞❛t❛❜❛s❡ ❝♦♥s✐sts ♦❢ ✷✺✵ ♥♦r♠❛❧✱ ✶✸✽ st♦♥❡ ❛♥❞ ✶✷✵ ❝②st ❦✐❞♥❡② ✐♠❛❣❡s✳ ❚❤❡
❝♦♥❞✐t✐♦♥ ♦❢ ❦✐❞♥❡②s ❛r❡ ❛♥❛❧②③❡❞ ❛♥❞ ❝♦♥✜r♠❡❞ ❢r♦♠ t❤❡ ❘❛❞✐♦❧♦❣✐st✱ ✇❤✐❝❤ ✐s ✉s❡❞ ❛s ❛
❣r♦✉♥❞ tr✉t❤ ✐♥ tr❛✐♥✐♥❣ ❛♥❞ t❡st✐♥❣ t❤❡ ❛❧❣♦r✐t❤♠✳
✶✽
✷✳✷ ❍❛r❞✇❛r❡ ❈♦♠♣❧❡①✐t② ❆♥❛❧②s✐s ♦❢ ♣r♦♣♦s❡❞ ❈❆❉ ❛❧❣♦✲
r✐t❤♠
❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ♦❢ ♦✉r ❛❧❣♦r✐t❤♠ ❢♦r ❛❜♥♦r♠❛❧✐t② ❞❡t❡❝t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ✐♥ t❡r♠s ♦❢
❣❛t❡s ❛♥❞ tr❛♥s✐st♦rs ❬✹✺❪ ❬✹✻❪✳ ❈♦♠♣❧❡①✐t② ♦❢ ❡❛❝❤ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ❛r❡
❝❛❧❝✉❧❛t❡❞ ❛s ❢♦❧❧♦✇s✳
✷✳✷✳✶ ❈♦♠♣❧❡①✐t② ❛♥❛❧②s✐s ❢♦r ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥
❚❛❜❧❡ ✷✳✶ s❤♦✇s t❤❡ s❡❧❡❝t❡❞ ❢❡❛t✉r❡s ❢♦r ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✳ ❋✐❣✳ ✷✳✶✷✭❛✮ t♦ ❋✐❣✳ ✷✳✶✹
s❤♦✇s t❤❡ ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ s❡❧❡❝t❡❞ ❢❡❛t✉r❡s✳ ■♥♣✉t t♦ t❤❡ s②st❡♠ ❢♦r ❝❛❧❝✉❧❛t✐♥❣
♠❡❛♥✱ s❦❡✇♥❡ss✱ ❦✉rt♦s✐s ✐s ✐♠❛❣❡ ♣✐①❡❧ ✈❛❧✉❡s ❛♥❞ ❢♦r ❝❧✉st❡r s❤❛❞❡✱ ❝♦rr❡❧❛t✐♦♥✱ ♠❛①✐♠✉♠
♣r♦❜❛❜✐❧✐t②✱ s✉♠ ♦❢ ❛✈❡r❛❣❡✱ s✉♠ ♦❢ sq✉❛r❡✱ ❤♦♠♦❣❡♥❡✐t② ✐s ❣r❛② ❧❡✈❡❧ ❝♦✲♦❝❝✉rr❡♥❝❡ ♠❛tr✐①
✈❛❧✉❡s✳ ❋✐❣✳ ✷✳✶✷✭❛✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡ ♠❡❛♥✳ ■t r❡q✉✐r❡s ✶✻ ❜✐t
❛❞❞❡r t♦ ❛❞❞ ♣✐①❡❧ ✈❛❧✉❡s ❜❛s❡❞ ♦♥ ❡❧❡♠❡♥t ✐♥❞❡① ❛♥❞ ✶✻ ❜✐t s❤✐❢t❡r t♦ ❞✐✈✐❞❡ r❡s✉❧t ♦❢ ❛❞❞❡r
❜② t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣✐①❡❧s✳ ❋✐❣✳ ✷✳✶✷✭❜✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡ ✈❛r✐❛♥❝❡✳
■t r❡q✉✐r❡s ✶✻ ❜✐t ❛❞❞❡r t♦ ❛❞❞ t♦t❛❧ ♣✐①❡❧s✱ ✶✻ ❜✐t s✉❜tr❛❝t♦r ❢♦r s✉❜tr❛❝t✐♥❣ ✈❛❧✉❡s ♦❢ ♠❡❛♥
❢r♦♠ ♣✐①❡❧ ✈❛❧✉❡s✱ ▼✉❧t✐♣❧✐❡r ❢♦r sq✉❛r✐♥❣ t❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞ ❛♥❞ ✶✻ ❜✐t s❤✐❢t❡r t♦ ❞✐✈✐❞❡ t❤❡
✜♥❛❧ ✈❛❧✉❡ ❜② t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣✐①❡❧s✳ ❋✐❣✳ ✷✳✶✷✭❝✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡
s❦❡✇♥❡ss✳ ■t r❡q✉✐r❡s ✶✻ ❜✐t ❛❞❞❡r t♦ ❛❞❞ t♦t❛❧ ♣✐①❡❧ ✈❛❧✉❡s✱ ✶✻ ❜✐t s✉❜tr❛❝t♦r ❢♦r s✉❜tr❛❝t✐♥❣
✈❛❧✉❡s ♦❢ ♠❡❛♥ ❢r♦♠ ♣✐①❡❧ ✈❛❧✉❡s✱ t✇♦ ♠✉❧t✐♣❧✐❡rs t♦ ❝♦♠♣✉t❡ ❝✉❜❡ ♦❢ t❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞
❛♥❞ ✜♥❛❧❧② ✶✻ ❜✐t s❤✐❢t❡r ❢♦r ❞✐✈✐❞✐♥❣ t❤❡ r❡s✉❧t ❜② ❝♦♥st❛♥t✳ ❈♦♥st❛♥t ✐♥ t❤✐s ❝❛s❡ ✐s t❤❡
♣r♦❞✉❝t ♦❢ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣✐①❡❧s ✐♥ ✐♠❛❣❡ ❛♥❞ 3 ✇❤✐❝❤ ✐s ♣r♦❞✉❝t ♦❢ ✈❛r✐❛♥❝❡ ❛♥❞ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥✳ ❋✐❣✳ ✷✳✶✸✭❛✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡ ❑✉rt♦s✐s✳ ■t r❡q✉✐r❡s
16 - bit Shifter
16 - bit Adder
Input
Constant
Mean
✭❛✮ ▼❡❛♥✳
16 - bit Subtracter
Mean
Constant
16 - bit Shifter
Complex Multiplier
16 - bit Adder
Variance
Input
✭❜✮ ❱❛r✐❛♥❝❡✳
16 - bit Adder
16 - bit Subtractor
Complex Multiplier
Complex Multiplier
Skewness
Input
Mean
Variance * Standard Deviation
16 - bit Shift Register
✭❝✮ ❙❦❡✇♥❡ss✳
❋✐❣✉r❡ ✷✳✶✷✿ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❛✮ ▼❡❛♥ ❜✮ ❱❛r✐❛♥❝❡ ❝✮ ❙❦❡✇♥❡ss✳
✶✻ ❜✐t ❛❞❞❡r t♦ ❛❞❞ t♦t❛❧ ♣✐①❡❧ ✈❛❧✉❡s✱ ✶✻ ❜✐t s✉❜tr❛❝t♦r ❢♦r s✉❜tr❛❝t✐♥❣ ✈❛❧✉❡s ♦❢ ♠❡❛♥
❢r♦♠ ♣✐①❡❧ ✈❛❧✉❡s✱ t✇♦ ♠✉❧t✐♣❧✐❡rs t♦ ❝♦♠♣✉t❡ ✹t❤ ♣♦✇❡r ♦❢ t❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞ ❛♥❞ ✜♥❛❧❧②
✶✾
✶✻ ❜✐t s❤✐❢t❡r ❢♦r ❞✐✈✐❞✐♥❣ ❜② ❝♦♥st❛♥t ✇❤✐❝❤ ✐s ♣r♦❞✉❝t ♦❢ ✈❛r✐❛♥❝❡✷ ❛♥❞ t♦t❛❧ ♥✉♠❜❡r ♦❢
♣✐①❡❧s ✐♥ ✐♠❛❣❡✳ ❋✐❣✳ ✷✳✶✸✭❜✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡ s✉♠ ❛✈❡r❛❣❡✳ ■t
r❡q✉✐r❡s ♠✉❧t✐♣❧✐❡r t♦ ✜♥❞ ♣r♦❞✉❝t ♦❢ ❝♦♥st❛♥t ❑✻ ❞❡✜♥❡❞ ❛s ♠✉t✉❛❧ ♣r♦❜❛❜✐❧✐t② ♦❜t❛✐♥❡❞
❢r♦♠ ●▲❈▼ ❢❡❛t✉r❡s ❛♥❞ ✐♥❞❡① ♦❢ ✐♠❛❣❡✱ ❜♦t❤ ✐♥♣✉ts ❛r❡ ❣✐✈❡♥ t♦ ♠✉❧t✐♣❧✐❡r ❛♥❞ ❧❛t❡r ✶✻
❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦ ❛❞❞ t❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ♠✉❧t✐♣❧✐❡r✳ ❋✐❣✳ ✷✳✶✸✭❝✮ s❤♦✇s ❤❛r❞✇❛r❡
❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡ ❝♦rr❡❧❛t✐♦♥✳ ■t r❡q✉✐r❡s t✇♦ ♠✉❧t✐♣❧✐❡rs ♦♥❡ t♦ ♠✉❧t✐♣❧② ✐♥❞✐❝❡s ♦❢
✐♠❛❣❡ ❛♥❞ r❡s✉❧t ✐s ❧❛t❡r ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ ❡❧❡♠❡♥ts ✐♥ ●▲❈▼ ♠❛tr✐① ❛t ♦t❤❡r ♠✉❧t✐♣❧✐❡r✳ ❚❤❡
r❡s✉❧t ♦❜t❛✐♥❡❞ ✐s s✉❜tr❛❝t❡❞ ❢r♦♠ ♣r♦❞✉❝t ♦❢ ♠❡❛♥ ① ❛♥❞ ♠❡❛♥ ②✱ ✇❤✐❝❤ ❛r❡ ♠❡❛♥ ❛❧♦♥❣ ①
❛♥❞ ② ❛①✐s ✉s✐♥❣ ✶✻ ❜✐t s✉❜tr❛❝t♦r✳ ❖♥❡ ✶✻ ❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦ ❛❞❞ ✈❛❧✉❡ ♦❜t❛✐♥❡❞ ❛❧♦♥❣ ❛❧❧
t❤❡ ✐♥❞✐❝❡s ❛♥❞ ❧❛t❡r ❞✐✈✐❞❡❞ ❜② ♣r♦❞✉❝t ♦❢ ✈❛r ① ❛♥❞ ✈❛r ② ✇❤✐❝❤ ❛r❡ ✈❛r✐❛♥❝❡ ❛❧♦♥❣ ① ❛♥❞
② ❛①✐s r❡s♣❡❝t✐✈❡❧②✳
16 - bit Subtractor
Multiplier
Multiplier
16 - bit Shift Register
Kurtosis
16 - bit Adder
Input
Variance *  Variance
Mean
✭❛✮ ❑✉rt♦s✐s✳
Multiplier
16 - bit Adder
i K6
Sum Average
✭❜✮ ❙✉♠ ❆✈❡r❛❣❡✳
Multiplier
Multiplier
16 - bit Subtractor
16 - bit Adder
16 - bit Shifter
Correlation
i j
P(i,j)
Variance_x * Variance_y
Mean_x * Mean_y
✭❝✮ ❈♦rr❡❧❛t✐♦♥✳
❋✐❣✉r❡ ✷✳✶✸✿ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❛✮ ❑✉rt♦s✐s ❜✮ ❙✉♠ ❆✈❡r❛❣❡ ❝✮ ❈♦rr❡❧❛t✐♦♥✳
❋✐❣✳ ✷✳✶✹✭❛✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡ ❝❧✉st❡r s❤❛❞❡✳ ■t r❡q✉✐r❡s t✇♦
✶✻ ❜✐t ❛❞❞❡rs✱ ♦♥❡ t♦ ❛❞❞ s✉♠ ♦❢ ✐♥❞✐❝❡s ❛♥❞ ♦t❤❡r t♦ ❛❞❞ ♠❡❛♥ ✈❛❧✉❡s ❛❧♦♥❣ ① ❛♥❞ ② ❛①✐s✳
❚❤❡ r❡s✉❧t ♦❢ t❤❡s❡ ❛❞❞❡rs ✐s ❣✐✈❡♥ t♦ ✶✻ ❜✐t s✉❜tr❛❝t♦r✳ ❈✉❜❡ ♦❢ t❤❡ r❡s✉❧t ✐s ♦❜t❛✐♥❡❞
❢r♦♠ t✇♦ ♠✉❧t✐♣❧✐❡rs✱ ♦t❤❡r ♠✉❧t✐♣❧✐❡r ✐s ✉s❡❞ t♦ t❛❦❡ t❤❡ ♣r♦❞✉❝t ♦❢ r❡s✉❧t ❛♥❞ ♣r♦❜❛❜✐❧✐t②
✈❛❧✉❡ ❛t t❤❛t ♣❛rt✐❝✉❧❛r ✐♥❞❡① ♦❜t❛✐♥❡❞ ✉s✐♥❣ ●▲❈▼ ♠❛tr✐①✳ ❋✐♥❛❧❧② ✶✻ ❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦
s✉♠ t❤❡ ✈❛❧✉❡s ❢r♦♠ ❡❛❝❤ ❡❧❡♠❡♥t✳ ❋✐❣✳ ✷✳✶✹✭❜✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡
❤♦♠♦❣❡♥✐t②✳ ■t r❡q✉✐r❡s ♦♥❡ ✶✻ ❜✐t s✉❜tr❛❝t♦r t♦ ✜♥❞ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ✐♥❞❡① ♦❢ ♣✐①❡❧
✈❛❧✉❡s✱ ♦♥❡ ◆♦t ❣❛t❡✱ ♦♥❡ ✶✻ ❜✐t ❛❞❞❡r ❛♥❞ ♦♥❡ ▼❯❳ t♦ ❡♥s✉r❡ r❡s✉❧t ♦❢ s✉❜tr❛❝t♦r ✐s ❛❧✇❛②s
♣♦s✐t✐✈❡✳ ❖♥❡ ✶✻ ❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦ ❛❞❞ ❝♦♥st❛♥t ♦♥❡ t♦ t❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞ ❢r♦♠ ▼❯❳✳
❚❤❡ ♦❜t❛✐♥❡❞ ✈❛❧✉❡ ❞✐✈✐❞❡s ♣r♦❜❛❜✐❧✐t② ✈❛❧✉❡ ♦❢ ❡❛❝❤ ❡❧❡♠❡♥t ♦❜t❛✐♥❡❞ ❢r♦♠ ●▲❈▼ ♠❛tr✐①
✇✐t❤ r❡s✉❧t ♦❜t❛✐♥❡❞ ❢r♦♠ ❛❞❞❡r ✉s✐♥❣ ✶✻ ❜✐t s❤✐❢t❡r ❛♥❞ ❧❛t❡r ✶✻ ❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦ s✉♠
t❤❡ r❡s✉❧ts ❢r♦♠ ❡✈❡r② ❡❧❡♠❡♥t✳ ❋✐❣✳ ✷✳✶✹✭❝✮ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡
♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t②✳ ■t r❡q✉✐r❡s ✶✻ ❜✐t ❝♦♠♣❛r❛t♦r t♦ ✜♥❞ ♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t② ❛♥❞ ✶✻
✷✵
❜✐t ❛❞❞❡r t♦ s✉♠ ♦❢ ♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t② ♦❢ ❡❛❝❤ ❡❧❡♠❡♥t ✐♥ t❤❡ ●▲❈▼ ♠❛tr✐①✳ ❋✐❣✳ ✷✳✶✹✭❞✮
s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ❞❡t❡r♠✐♥❡ s✉♠ ♦❢ sq✉❛r❡s✳ ■t r❡q✉✐r❡s ✶✻ ❜✐t s✉❜tr❛❝t♦r t♦
✜♥❞ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❡❧❡♠❡♥t ✐♥❞❡① ❛❧♦♥❣ ① ❛①✐s ❛♥❞ ♠❡❛♥ ❛❧♦♥❣ ① ❛①✐s✳ ❙q✉❛r❡ ♦❢ r❡s✉❧t
✐s ♦❜t❛✐♥❡❞ ✉s✐♥❣ ♠✉❧t✐♣❧✐❡r ❛♥❞ r❡s✉❧t ✐s ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ ♣r♦❜❛❜✐❧✐t② ♦❜t❛✐♥❡❞ ❢r♦♠ ●▲❈▼
♠❛tr✐① ✉s✐♥❣ ♦t❤❡r ♠✉❧t✐♣❧✐❡r✳ ❋✐♥❛❧❧② ✶✻ ❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦ ✜♥❞ t❤❡ s✉♠ ♦❢ ❡✈❡r② ❡❧❡♠❡♥t
❛♥❞ ❣❡t t❤❡ ✜♥❛❧ r❡s✉❧t✳
i j
16 - bit Adder
Multiplier
Multiplier
Multiplier
16 - bit Adder
16 - bit Adder
16 - bit Subtractor
Cluster Shade
P(i,j)
Mean_x Mean_y
✭❛✮ ❈❧✉st❡r ❙❤❛❞❡✳
P(i,j)
Not
MUX
16 - bit Adder
16 - bit Shift Register
Homogenity
i j
1
16- bit Adder
16 - bit Subtractor
16 - bit Adder
✭❜✮ ❍♦♠♦❣❡♥❡✐t②✳
16 - bit Comparator
16 - bit Adder
P(i,j)
Maximum Probabiltiy
✭❝✮ ❈♦rr❡❧❛t✐♦♥✳
i
P(i,j)
16 - bit Subtractor
Multiplier
Multiplier
16 - bit Adder
Mean_x
Sum of squares
✭❞✮ ❙✉♠ ♦❢ sq✉❛r❡s✳
❋✐❣✉r❡ ✷✳✶✹✿ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❛✮ ❈❧✉st❡r ❙❤❛❞❡ ❜✮ ❍♦♠♦❣❡♥✐t② ❝✮ ▼❛①✐♠✉♠ Pr♦❜✲
❛❜✐❧✐t② ❞✮ ❙✉♠ ♦❢ sq✉❛r❡s✳
❚❛❜❧❡ ✷✳✷✿ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ♦❢ ❛r✐t❤♠❡t✐❝ ❜❧♦❝❦s ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳
◆❆◆❉ ❆◆❉ ❖❘ ◆❖❘ ❳❖❘ ◆❖❚
✶✻✲❇✐t ❆❞❞❡r ✸✷ ✽ ✹ ✲ ✶✻ ✲
✶✻✲❇✐t ❙✉❜tr❛❝t♦r ✲ ✸✶ ✶✺ ✲ ✹✽ ✲
✶✻✲❇✐t ▼✉❧t✐♣❧✐❡r ✶✻✵ ✹✵ ✽ ✲ ✲ ✶✻
✶✻✲❇✐t ❙❤✐❢t❡r ✲ ✲ ✲ ✲ ✾✻ ✲
❈♦♠♣❛r❛t♦r ✲ ✻✹ ✶✻ ✶✻ ✲ ✸✷
▼❯❳ ✹ ✲ ✲ ✲ ✲ ✲
❚❛❜❧❡ ✷✳✷ s❤♦✇s t❤❡ ❤❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ♦❢ ❛r✐t❤♠❡t✐❝ ❜❧♦❝❦s ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳
❋r♦♠ ❚❛❜❧❡ ✷✳✸ ✇❡ ❝♦✉❧❞ ❝❛❧❝✉❧❛t❡ ♥✉♠❜❡r ♦❢ ❧♦❣✐❝ ❣❛t❡s r❡q✉✐r❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ ❤❛r❞✇❛r❡
❝♦♠♣❧❡①✐t② ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳ ❍❡♥❝❡ ❛ t♦t❛❧ ♦❢ ✺✶✷✵ ❣❛t❡s ❛r❡ r❡q✉✐r❡❞ t♦ ❝♦♠♣✉t❡ t❤❡
❢❡❛t✉r❡s ❢r♦♠ ❦✐❞♥❡② ✐♠❛❣❡s✳ ❚❛❜❧❡ ✷✳✹ ❣✐✈❡s t♦t❛❧ ♥✉♠❜❡r ♦❢ ❈♦♠♣❧❡♠❡♥t❛r② ▼❡t❛❧ ❖①✐❞❡
❙❡♠✐❝♦♥❞✉❝t♦r ✭❈▼❖❙✮ tr❛♥s✐st♦rs r❡q✉✐r❡❞ t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ✇❤✐❝❤ ❛r❡
✷✷✱✹✷✵ ✐♥ t❤✐s ❝❛s❡✳
✷✶
❚❛❜❧❡ ✷✳✸✿ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ♦❢ ❢❡❛t✉r❡s ❝❛❧❝✉❧❛t✐♦♥ ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳
❋❡❛t✉r❡s ◆❆◆❉ ❆◆❉ ❖❘ ◆❖❘ ❳❖❘ ◆❖❚
▼❡❛♥ ✸✷ ✽ ✹ ✲ ✶✶✷ ✲
❱❛r✐❛♥❝❡ ✶✾✷ ✼✾ ✷✼ ✲ ✶✻✵ ✶✻
❙❦❡✇♥❡ss ✸✺✷ ✶✶✾ ✸✺ ✲ ✶✻✵ ✸✷
❑✉rt♦s✐s ✸✺✷ ✶✶✾ ✸✺ ✲ ✶✻✵ ✸✷
❈❧✉st❡r ❙❤❛❞❡ ✺✼✻ ✶✼✺ ✺✶ ✲ ✾✻ ✹✽
❍♦♠♦❣❡♥❡✐t② ✶✵✵ ✺✻ ✷✼ ✲ ✶✾✷ ✶
❈♦rr❡❧❛t✐♦♥ ✸✺✷ ✶✶✾ ✸✺ ✲ ✶✻✵ ✸✷
❙✉♠ ♦❢ sq✉❛r❡ ✸✺✷ ✶✶✾ ✸✺ ✲ ✻✹ ✸✷
❙✉♠ ♦❢ ❆✈❡r❛❣❡ ✶✾✷ ✹✽ ✶✷ ✲ ✶✻ ✶✻
▼❛① Pr♦❜ ✸✷ ✼✷ ✷✵ ✶✻ ✶✻ ✸✷
❚♦t❛❧ ●❛t❡s ✷✺✸✷ ✾✶✹ ✷✽✶ ✶✻ ✶✶✸✻ ✷✹✶
❚❛❜❧❡ ✷✳✹✿ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ✐♥ t❡r♠s ♦❢ ❈▼❖❙ ❚r❛♥s✐st♦rs✳
❚②♣❡ ♦❢ ❧♦❣✐❝ ❣❛t❡ ◆♦✳ ♦❢ ❈▼❖❙ ❚r❛♥s✐st♦rs
◆❆◆❉ ✶✵✶✷✽
❆◆❉ ✺✹✽✹
❖❘ ✶✻✽✻
❳❖❘ ✾✻
◆❖❘ ✹✺✹✹
◆❖❚ ✹✽✷
✷✳✷✳✷ ❈♦♠♣❧❡①✐t② ❛♥❛❧②s✐s ❢♦r ❝❧❛ss✐✜❡r
❈❧❛ss✐✜❝❛t✐♦♥ ❜❛s❡❞ ♦♥ r❛♥❣❡ ♦❢ ❢❡❛t✉r❡s
❋✐❣✳ ✷✳✶✺ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ♦✉r ♣r♦♣♦s❡❞ ❝❧❛ss✐✜❡r✳ ❚❡♥ ✶✻ ❜✐t ❝♦♠♣❛r❛t♦rs
❛r❡ r❡q✉✐r❡❞ t♦ ❝♦♠♣❛r❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢r♦♠ ❢❡❛t✉r❡ s❡❧❡❝t✐♦♥ ❜❧♦❝❦ ✇✐t❤ ❞②♥❛♠✐❝ r❛♥❣❡
❛s ♠❡♥t✐♦♥❡❞ ✐♥ ❚❛❜❧❡ ✷✳✶ ♦❜t❛✐♥❡❞ ✉s✐♥❣ tr❛✐♥✐♥❣ ❞❛t❛✳ ❖♥❡ ✶✵ ✐♥♣✉t ❖❘ ❣❛t❡ ✐s ✉s❡❞ t♦
❞❡t❡r♠✐♥❡ ✐❢ ❛♥② ♦♥❡ ♦❢ t❤❡ ✐♥♣✉t ✐s ♦✉t ♦❢ t❤❡ ❞②♥❛♠✐❝ r❛♥❣❡✱ s♦ ❛s t♦ ❝❧❛ss✐❢② t❤❡ ✐♠❛❣❡ ❛s
❛❜♥♦r♠❛❧✳
❋✐❣✉r❡ ✷✳✶✺✿ ❈❧❛ss✐✜❝❛t✐♦♥ ❜❛s❡❞ ♦♥ r❛♥❣❡ ♦❢ ❢❡❛t✉r❡s✳
❚❛❜❧❡ ✷✳✺ ❣✐✈❡s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❣❛t❡s r❡q✉✐r❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❤❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t②
♦❢ ❝❧❛ss✐✜❡r ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳ ❚♦t❛❧ ♦❢ ✶✷✽✾ ❣❛t❡s ❛r❡ r❡q✉✐r❡❞ t♦ ❝❧❛ss✐❢② ❦✐❞♥❡② ✐♠❛❣❡s
✷✷
❛s ♥♦r♠❛❧ ♦r ❛❜♥♦r♠❛❧✳ ❋r♦♠ ❚❛❜❧❡ ✷✳✻ ✇❡ ❝❛♥ s❛② t❤❛t ✻✶✸✹ ❈▼❖❙ tr❛♥s✐st♦rs ❛r❡ r❡q✉✐r❡❞
t♦ ✐♠♣❧❡♠❡♥t ♦✉r ❝❧❛ss✐✜❡r ❛❧❣♦r✐t❤♠✳
❚❛❜❧❡ ✷✳✺✿ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ♦❢ ❛r✐t❤♠❡t✐❝ ❜❧♦❝❦s ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳
◆❆◆❉ ❆◆❉ ❖❘ ◆❖❘ ❳❖❘ ◆❖❚
✶✻✲❇✐t ❈♦♠♣❛r❛t♦r ✲ ✻✹✵ ✶✻✵ ✶✻✵ ✲ ✸✷✵
✶✵✲■♥♣✉t ❖❘ ●❛t❡ ✲ ✲ ✾ ✲ ✲ ✲
❚♦t❛❧ ●❛t❡s ✲ ✻✹✵ ✲✶✻✾ ✶✻✵ ✲ ✸✷✵
❚❛❜❧❡ ✷✳✻✿ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ✐♥ t❡r♠s ♦❢ ❈▼❖❙ ❚r❛♥s✐st♦rs ❢♦r ❝❧❛ss✐✜❡r✳
❚②♣❡ ♦❢ ❧♦❣✐❝ ❣❛t❡ ◆♦✳ ♦❢ ❈▼❖❙ ❚r❛♥s✐st♦rs
❆◆❉ ✸✽✹✵
❖❘ ✶✵✶✹
◆❖❘ ✻✹✵
◆❖❚ ✻✹✵
❚❤✉s ❢r♦♠ t❤❡ ❛❜♦✈❡ ❛♥❛❧②s✐s✱ ✇❡ s❡❡ t❤❛t ❛ t♦t❛❧ ♦❢ ✻✹✵✾ ❣❛t❡s ✐✳❡✳ ✷✽✱✺✺✹ tr❛♥s✐st♦rs
❛r❡ r❡q✉✐r❡❞ t♦ ✐♠♣❧❡♠❡♥t ♦✉r ❈❆❉ ❛❧❣♦r✐t❤♠ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❛♥❞ ❝❧❛ss✐✲
✜❝❛t✐♦♥ ♦♥ ❤❛r❞✇❛r❡✳ ▲♦♦❦✐♥❣ ❛t t❤❡ r❡s♦✉r❝❡s ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ r❡❝❡♥t ❝♦♠♣✉t✐♥❣ ♣❧❛t❢♦r♠s✱
t❤✐s ❛❧❣♦r✐t❤♠ ❝❛♥ ❜❡ ❡❛s✐❧② ✐♠♣❧❡♠❡♥t❡❞✳
❙❱▼ ❈❧❛sss✐✜❡r
❋✐❣✳ ✷✳✶✻ s❤♦✇s ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❙❱▼ ❝❧❛ss✐✜❡r✳ ❖♥ t♦t❛❧ ✸✷ ✶✻✲❜✐t ❛❞❞❡rs✱ ✸✶
♠✉❧t✐♣❧✐❡rs✱ ❛♥❞ ♦♥❡ ❝♦♠♣❛r❛t♦r ✐s r❡q✉✐r❡❞ t♦ ❞❡s✐❣♥ ❛ ❝❧❛ss✐✜❡r✳ ❲❤❡r❡ ❛❧♣❤❛✱ ❜ ❛r❡ ❝♦♥✲
st❛♥t ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❝❧❛ss✐✜❡r ❞❡s✐❣♥✳ ■♥♣✉t ✈❡❝t♦r ❝♦♥t❛✐♥s ❢❡❛t✉r❡ ✈❛❧✉❡s ♦❢ t❤❡
s❡❣♠❡♥t❡❞ r❡❣✐♦♥ t♦ ❜❡ ❝❧❛ss✐✜❡❞✳
SV2
SV4
SV30
SV1
alpha
SV3
X
X
X
X
X
+
+
+
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.
.
.
.
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.
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+
+
+
Input Vector
X + +
b
>
’o’
class
❋✐❣✉r❡ ✷✳✶✻✿ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❙❱▼ ❈❧❛ss✐✜❡r
❚❛❜❧❡ ✷✳✼ ❣✐✈❡s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❣❛t❡s r❡q✉✐r❡❞ ❢♦r ❤❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ❛♥❛❧②s✐s ♦❢
❝❧❛ss✐✜❡r ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳ ❚♦t❛❧ ♦❢ ✽✱✾✾✷ ❣❛t❡s ❛r❡ r❡q✉✐r❡❞ t♦ ❞❡s✐❣♥ ❛ ❝❧❛ss✐✜❡r t♦
❞❡t❡r♠✐♥❡ ✇❤❡t❤❡r t❤❡ ❢r❛♠❡ ♦❢ ❛ ✈✐❞❡♦ ✐s ✈❛❧✐❞ ♦r ✐♥✈❛❧✐❞✳ ❋r♦♠ ❚❛❜❧❡ ✷✳✽ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t
✸✾✱✽✹✵ ❈▼❖❙ tr❛♥s✐st♦rs ❛r❡ r❡q✉✐r❡❞ t♦ ✐♠♣❧❡♠❡♥t ❝❧❛ss✐✜❡r ❛❧❣♦r✐t❤♠✳ ❚❤❡r❡❢♦r❡✱ t♦t❛❧
✷✸
❚❛❜❧❡ ✷✳✼✿ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ♦❢ ❝❧❛ss✐✜❡r ✐♥ t❡r♠s ♦❢ ❧♦❣✐❝ ❣❛t❡s✳
❚②♣❡ ♦❢ ❧♦❣✐❝ ❣❛t❡ ◆❆◆❉ ❆◆❉ ❖❘ ◆❖❘ ❳❖❘ ◆❖❚
❚♦t❛❧ ●❛t❡s ✺✾✽✹ ✶✺✻✵ ✸✾✷ ✶✻ ✺✶✷ ✺✷✽
❚❛❜❧❡ ✷✳✽✿ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ✐♥ t❡r♠s ♦❢ ❈▼❖❙ ❚r❛♥s✐st♦rs ❢♦r ❙❱▼ ❝❧❛ss✐✜❡r✳
❚②♣❡ ♦❢ ❧♦❣✐❝ ❣❛t❡ ◆♦✳ ♦❢ ❈▼❖❙ ❚r❛♥s✐st♦rs
◆❆◆❉ ✷✸✾✸✻
❆◆❉ ✾✸✻✵
❖❘ ✷✸✺✷
◆❖❘ ✻✹
❳❖❘ ✸✵✼✷
◆❖❚ ✶✵✺✻
♦❢ ✹✷✱✵✽✵ ❈▼❖❙ tr❛♥s✐st♦rs ❛r❡ r❡q✉✐r❡❞ t♦ ✐♠♣❧❡♠❡♥t ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥
❛❧❣♦r✐t❤♠ ♦♥ t❤❡ ❤❛r❞✇❛r❡✳
✷✳✸ ❘❡s✉❧ts
✷✳✸✳✶ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦♥ ❋P●❆
❚❤❡ ♣r♦♣♦s❡❞ ❈❆❉ ❢♦r ♣r❡❧✐♠✐♥❛r② ❞✐❛❣♥♦s✐s ♦❢ ❦✐❞♥❡② ❤❛s ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞ ♦♥ ❦✐♥t❡①✲✼
❋P●❆ ❜♦❛r❞✳ ❋♦r ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ t❤❡ ✐♠❛❣❡✱ ✶✺✵ ♥♦r♠❛❧ ❛♥❞ ✶✺✵
❛❜♥♦r♠❛❧ ✐♠❛❣❡ ❢❡❛t✉r❡s ❛r❡ ❛♥❛❧②③❡❞✱ ✶✵✵ ♥♦r♠❛❧ ❛♥❞ ✶✵✵ ❛❜♥♦r♠❛❧ ✐♠❛❣❡s ❛r❡ ✉s❡❞ ❢♦r
t❡st✐♥❣ t❤❡ ▲❯❚ ❛♣♣r♦❛❝❤✳ ❚♦ ❞❡t❡❝t t❤❡ ❝②st ♦r st♦♥❡ ✐♥ ❛♥ ❛❜♥♦r♠❛❧ ❦✐❞♥❡② ✐♠❛❣❡✱ ❙❱▼
❝❧❛ss✐✜❡r ✐s tr❛✐♥❡❞ ✇✐t❤ ✼✺ ❝②st ❛♥❞ ✼✺ st♦♥❡ ❦✐❞♥❡② ✐♠❛❣❡s ❛♥❞ t❡st❡❞ ✇✐t❤ ✹✺ ❝②st ❛♥❞ ✻✸
st♦♥❡ ✐♠❛❣❡s✳
❋✐❣✉r❡ ✷✳✶✼✿ ❚r✉❡ ♥❡❣❛t✐✈❡ ❢♦r ✈❛r✐❛❜❧❡ ♣❛r❛♠❡t❡r ❧❡♥❣t❤✳
❯❧tr❛s♦✉♥❞ ✐♠❛❣❡s ❛r❡ ❡✛❡❝t❡❞ ❜② s♣❡❝❦❧❡ ♥♦✐s❡✱ ❤❡♥❝❡ ✇❛✈❡❧❡t ❜❛s❡❞ ❞❡♥♦✐s✐♥❣ t❡❝❤♥✐q✉❡
✐s ✉s❡❞ t♦ r❡❞✉❝❡ s♣❡❝❦❧❡s✳ ◆♦✐s② ✐♠❛❣❡ ❛♥❞ ❞❡♥♦✐s❡❞ ✐♠❛❣❡ ♦❜t❛✐♥❡❞ ❛❢t❡r ❛♣♣❧②✐♥❣ ❣❧♦❜❛❧
t❤r❡s❤♦❧❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✻✳ ❑✐❞♥❡② r❡❣✐♦♥ ✐s s❡❣♠❡♥t❡❞ ❢r♦♠ t❤❡ ❞❡♥♦✐s❡❞ ✐♠❛❣❡ ❛s
s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼✳ ❚♦ ❛✈♦✐❞ ❛rt✐❢❛❝ts ❢r♦♠ ♥♦♥❦✐❞♥❡② ✐♠❛❣❡s✱ ❢❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠
✷✹
s❡❣♠❡♥t❡❞ ✐♠❛❣❡✳ ❋r♦♠ s❡❣♠❡♥t❡❞ r❡❣✐♦♥✱ ✻ ✐♥t❡♥s✐t② ❤✐st♦❣r❛♠ ❛♥❞ ✶✻ ❍❛r❛❧✐❝❦ ❢❡❛t✉r❡s
❛r❡ ❡①tr❛❝t❡❞✱ ♦✉t ♦❢ ✇❤✐❝❤ ♦♥❧② ✾ ❛r❡ s❡❧❡❝t❡❞ ❜❛s❡❞ ♦♥ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳ ▲❡♥❣t❤ ♦❢ ❛
❦✐❞♥❡②✱ ♠❡❛♥✱ s❦❡✇♥❡ss✱ ❦✉rt♦s✐s✱ ❝♦rr❡❧❛t✐♦♥✱ ❝❧✉st❡r s❤❛❞❡✱ ❤♦♠♦❣❡♥❡✐t②✱ s✉♠ ♦❢ ❛✈❡r❛❣❡✱
s✉♠ ♦❢ sq✉❛r❡s ❛♥❞ ♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t② ❛r❡ s❡❧❡❝t❡❞✳ ■❢ t❤❡ r❛♥❣❡ ♦❢ ✈❛❧✉❡s ❧✐❡ ✐♥ t❤❡
❞❡s✐r❡❞ r❛♥❣❡ ❛s ❣✐✈❡♥ ✐♥ ❚❛❜❧❡✳ ✷✳✶ t❤❡♥ ❦✐❞♥❡② ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ♥♦r♠❛❧ ♦t❤❡r✇✐s❡ ✐t ✐s
❝❧❛ss✐✜❡❞ ❛s ❛❜♥♦r♠❛❧✳
✭❛✮ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ♣❛r❛♠❡t❡r ❧❡♥❣t❤ ❂ ✹ ✐♥ ▲❯❚
❛❧❣♦r✐t❤♠✳
✭❜✮ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ♣❛r❛♠❡t❡r ❧❡♥❣t❤ ❂ ✶✵ ✐♥
▲❯❚ ❛❧❣♦r✐t❤♠✳
❋✐❣✉r❡ ✷✳✶✽✿ ❈♦♥❢✉s✐♦♥ ▼❛tr✐❝❡s ❢r♦ ♥♦r♠❛❧ ♦r ❛❜♥♦r♠❛❧ ❝❧❛ss✐✜❝❛t✐♦♥✳
❋✐❣✳ ✷✳✶✼ ✐♥❞✐❝❛t❡s t❤❡ ♣❧♦t ♦❢ tr✉❡ ♥❡❣❛t✐✈❡s r❡s✉❧t❡❞ ✐♥ ▲❯❚ ❛♣♣r♦❛❝❤ ❢♦r ❞✐✛❡r❡♥t
♣❛r❛♠❡t❡r ❧❡♥❣t❤✳ ❙✐♥❝❡ tr✉❡ ♥❡❣❛t✐✈❡ ✐s ❝♦♥st❛♥t✱ ❢r♦♠ ♣❛r❛♠❡t❡r ❧❡♥❣t❤ 8✱ 9 ❛♥❞ 10✱ ✇❡
❤❛✈❡ ❝♦♥s✐❞❡r❡❞ ♣❛r❛♠❡t❡r ❧❡♥❣t❤ ♦❢ ✶✵ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❧♦♥❣✐t✉❞✐♥❛❧ ❧❡♥❣t❤ ♦❢ ❦✐❞♥❡② t❤❛t
✐s ✈❛r✐❛❜❧❡ ❞❡♣❡♥❞✐♥❣ ♦♥ ♣❡rs♦♥ s♦ ❛s t♦ ❞❡t❡❝t ❛❜♥♦r♠❛❧✐t② ❡✣❝✐❡♥t❧②✳ ❚❤❡ ❛❝❝✉r❛❝② ♦❢
▲❯❚ ❛❧❣♦r✐t❤♠ ✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s❡ ✐♥ ♣❛r❛♠❡t❡r ❧❡♥❣t❤✳ ❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❡✣❝✐❡♥❝② ♦❢
▲❯❚ ❛♣♣r♦❛❝❤ ❢♦r ♣❛r❛♠❡t❡r ❧❡♥❣t❤ ♦❢ 4 ✐♥ ❝❧❛ss✐❢②✐♥❣ ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ❦✐❞♥❡② ❝❛s❡s ✐s
s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶✽✭❛✮✱ t❤❡ ❛❧❣♦r✐t❤♠ r❡s✉❧t❡❞ ✇✐t❤ ❛♥ ❛❝❝✉r❛❝② ♦❢ ✽✻✪✳ ❚❤❡ ▲❯❚ ❛♣♣r♦❛❝❤
❝❧❛ss✐✜❡❞ ✇✐t❤ ❛♥ ❛❝❝✉r❛❝② ♦❢ ✶✵✵✪ ❢♦r ♣❛r❛♠❡t❡r ❧❡♥❣t❤ ✶✵ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶✽✭❜✮✳ ❳✐❧✐♥①
❙✐♠✉❧✐♥❦ ♠♦❞❡❧ ✉s❡❞ t♦ ✐♠♣❧❡♠❡♥t ▲❯❚ ❛♣♣r♦❛❝❤ ♦♥ ❋P●❆ ✇✐t❤ t❤♦s❡ ✶✵ ❢❡❛t✉r❡s ✐s s❤♦✇♥
✐♥ ❋✐❣✳ ✷✳✶✾✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ❞✐s♣❧❛② t❡①t N ❢♦r ♥♦r♠❛❧✱ A ❢♦r ❛❜♥♦r♠❛❧ ❝❛s❡ ❛s s❤♦✇♥ ✐♥
❋✐❣✳ ✷✳✷✵ ❛♥❞ ❋✐❣✳ ✷✳✷✶ r❡s♣❡❝t✐✈❡❧②✳
❋✐❣✉r❡ ✷✳✶✾✿ ❙✐♠✉❧✐♥❦ ♠♦❞❡❧ ❢♦r ◆♦r♠❛❧✴❆❜♥♦r♠❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ♦♥ ❋P●❆✳
✷✺
❋✐❣✉r❡ ✷✳✷✵✿ ◆♦r♠❛❧ ❝❛s❡ ❜❡✐♥❣ ❞❡t❡❝t❡❞ ♦♥ ❋P●❆✳
❋✐❣✉r❡ ✷✳✷✶✿ ❆❜♥♦r♠❛❧ ❝❛s❡ ❜❡✐♥❣ ❞❡t❡❝t❡❞ ♦♥ ❋P●❆✳
■❢ t❤❡ ❦✐❞♥❡② ✐s ❝❧❛ss✐✜❡❞ ❛s ❛❜♥♦r♠❛❧✱ t❤❡♥ ✇❡ ❢✉rt❤❡r ❝❧❛ss✐❢② ❛❜♥♦r♠❛❧ ❦✐❞♥❡② ❛s ❝②st ♦r
st♦♥❡✳ ❙❱▼ ❝❧❛ss✐✜❡r ✇✐t❤ s❛♠❡ s❡t ♦❢ ❢❡❛t✉r❡s ✭✉s❡❞ ❢♦r ❝❧❛ss✐❢②✐♥❣ ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧✮
❛r❡ ✉s❡❞ ❢♦r ❞❡t❡❝t✐♥❣ t❤❡ ❦✐❞♥❡② ❛❜♥♦r♠❛❧✐t②✳ ❙❱▼ ❝❧❛ss✐✜❡r ✐s t❡st❡❞ ✇✐t❤ ✶✵✽ ✐♠❛❣❡s
✭✹✺ ❝②st ❛♥❞ ✻✸ st♦♥❡ ✐♠❛❣❡s✮✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❛♥❛❧②③❡❞ ❜② ♣❧♦tt✐♥❣ t❤❡ ❝♦♥❢✉s✐♦♥ ♠❛tr✐①
❢♦r ❡❛❝❤ ❙❱▼ ❦❡r♥❡❧✳ ▲✐♥❡❛r✱ ❘❇❋✱ ♣♦❧②♥♦♠✐❛❧ ❛♥❞ ▼▲P ❦❡r♥❡❧s ❛r❡ ✉s❡❞ ✇✐t❤ ❙❱▼ ❛♥❞
❝♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ❡❛❝❤ ❦❡r♥❡❧ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✷✷❛✱ ❋✐❣✳ ✷✳✷✷❜✱ ❋✐❣✳ ✷✳✷✸❛ ❛♥❞ ❋✐❣✳
✷✳✷✸❜ r❡s♣❡❝t✐✈❡❧②✳
✭❛✮ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ❧✐♥❡❛r ❦❡r♥❡❧ ✐♥ ❛❜♥♦r♠❛❧✐t②
❞❡t❡❝t✐♦♥✳
✭❜✮ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r r❛❞✐❛❧ ❜❛s✐s ❢✉♥❝t✐♦♥ ❦❡r♥❡❧
✐♥ ❛❜♥♦r♠❛❧✐t② ❞❡t❡❝t✐♦♥✳
❋✐❣✉r❡ ✷✳✷✷✿ ❈♦♥❢✉s✐♦♥ ▼❛tr✐① ❢♦r ❦❡r♥❡❧s✳
✷✻
✭❛✮ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ♣♦❧②♥♦♠✐❛❧ ❦❡r♥❡❧ ✐♥ ❛❜♥♦r✲
♠❛❧✐t② ❞❡t❡❝t✐♦♥✳
✭❜✮ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ▼▲P ❦❡r♥❡❧ ✐♥ ❛❜♥♦r♠❛❧✐t②
❞❡t❡❝t✐♦♥✳
❋✐❣✉r❡ ✷✳✷✸✿ ❈♦♥❢✉s✐♦♥ ▼❛tr✐① ❢♦r ❦❡r♥❡❧s✳
❋r♦♠ ❚❛❜❧❡✳ ✷✳✾ ✇❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t ❛♠♦♥❣ ❧✐♥❡❛r✱ ❘❇❋✱ ♣♦❧②♥♦♠✐❛❧ ❛♥❞ ▼▲P ❦❡r♥❡❧s✱
▼▲P r❡s✉❧t❡❞ ✇✐t❤ ❤✐❣❤❡st ❛❝❝✉r❛❝② ♦❢ ✾✽✳✶✹✪ ✇❤✐❧❡ ♣♦❧②♥♦♠✐❛❧ ❦❡r♥❡❧ ❤❛s ❧❡❛st ❛❝❝✉r❛❝②
✇✐t❤ ✹✶✳✻✻✪✳ ❳✐❧✐♥① s✐♠✉❧✐♥❦ ♠♦❞❡❧ ❢♦r ❙❱▼ ❝❧❛ss✐✜❡r t♦ ❞❡t❡❝t ❝②st ♦r st♦♥❡ ✐♥ ❦✐❞♥❡②
✐♠❛❣❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✷✹✳ ■❢ t❤❡ ❝②st ✐s ♣r❡s❡♥t ✐♥ ❛ ❦✐❞♥❡② t❤❡♥ ✐t ✐♥❞✐❝❛t❡s ✇✐t❤ t❡①t ❈
❛♥❞ ❢♦r st♦♥❡ ✇✐t❤ t❡①t ❙ ♦♥ ❞✐s♣❧❛②❡❞ ✐♠❛❣❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✷✺ ❛♥❞ ❋✐❣✳ ✷✳✷✻ r❡s♣❡❝t✐✈❡❧②✳
❚❛❜❧❡ ✷✳✾✿ ❆❝❝✉r❛❝② ✉s✐♥❣ ❞✐✛❡r❡♥t ❦❡r♥❡❧s ✐♥ ❙❱▼ ❝❧❛ss✐✜❡r✳
❑❡r♥❡❧ ❆❝❝✉r❛❝②✭✪✮
▲✐♥❡❛r ✻✻✳✻✼
❘❇❋ ✺✽✳✸✸
P♦❧②♥♦♠✐❛❧ ✹✶✳✻✻
▼▲P ✾✽✳✶✹
❋✐❣✉r❡ ✷✳✷✹✿ ❙✐♠✉❧✐♥❦ ♠♦❞❡❧ ❢♦r ❝②st✴st♦♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦♥ ❋P●❆✳
✷✼
❋✐❣✉r❡ ✷✳✷✺✿ ❆❜♥♦r♠❛❧ ❝❛s❡ ✇✐t❤ ❝②st ❜❡✐♥❣ ❞❡t❡❝t❡❞ ♦♥ ❋P●❆✳
❋✐❣✉r❡ ✷✳✷✻✿ ❆❜♥♦r♠❛❧ ❝❛s❡ ✇✐t❤ st♦♥❡ ❜❡✐♥❣ ❞❡t❡❝t❡❞ ♦♥ ❋P●❆✳
✷✳✸✳✷ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦♥ ③❡❞❜♦❛r❞
❚❤❡ ♣r♦♣♦s❡❞ ❈❆❉ ❢♦r ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ✐s ✐♠♣❧❡♠❡♥t❡❞ ♦♥ ③❡❞❜♦❛r❞ ❛♥❞ ❡✣❝✐❡♥❝②
♦❢ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s ♠❡❛s✉r❡❞ ❢♦r t❤r❡❡ ❞✐✛❡r❡♥t ♠❡t❤♦❞s ♦❢ ✜♥❞✐♥❣ ❘❖■✳ ❆s ✇❡ ❞✐s❝✉ss❡❞ ✐♥
s❡❝t✐♦♥ ✷✳✶✳✷✱ ✇❤❡r❡ ❘❖■ ✐s s❡❣♠❡♥t❡❞ ♠❛♥✉❛❧❧② ❛♥❞ t✇♦ ♠♦r❡ ♠❡t❤♦❞s t♦ ✜♥❞ ❛✉t♦♠❛t✐❝❛❧❧②✳
❚❛❜❧❡✳ ✷✳✶✵ s❤♦✇s t❤❡ ❛❝❝✉r❛❝② ♦❢ ❝❧❛ss✐✜❝❛t✐♦♥ ✉s✐♥❣ t❤r❡❡ ❞✐✛❡r❡♥t ♠❡t❤♦❞s✳
❚❛❜❧❡ ✷✳✶✵✿ ❆❝❝✉r❛❝② ♦❢ ❝❧❛ss✐✜❝❛t✐♦♥ ✉s✐♥❣ t❤r❡❡ ❞✐✛❡r❡♥t ♠❡t❤♦❞s ♦❢ ✜♥❞✐♥❣ ❘❖■✳
▼❡t❤♦❞s ◆♦r♠❛❧✴❆❜♥♦r♠❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ❈②st✴❙t♦♥❡ ❝❧❛ss✐✜❝❛t✐♦♥
▼❛♥✉❛❧ ❙❡❣♠❡♥t❛t✐♦♥ ✶✵✵✪ ✾✽✳✶✹✪
❆✉t♦♠❛t✐❝ ❘❖■ ✾✷✳✷✪ ✽✾✳✻✪
❱✐♦❧❛ ❏♦♥❡s ✾✽✳✻✺✪ ✾✻✳✸✹✪
✷✳✹ ❈♦♥❝❧✉s✐♦♥
■♥ t❤✐s ♣❛♣❡r ✇❡ ♣r♦♣♦s❡❞ ❛♥ ❛❧❣♦r✐t❤♠ ❢♦r ❛❜♥♦r♠❛❧✐t② ❞❡t❡❝t✐♦♥ ♦❢ ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞
✐♠❛❣❡s ❢♦r ❋P●❆ ❜❛s❡❞ ■♦❚ ❡♥❛❜❧❡❞ ✉❧tr❛s♦✉♥❞ s②st❡♠✳ ❚❤✐s ✐♥❝❧✉❞❡s ✇❛✈❡❧❡t ❜❛s❡❞ ♥♦✐s❡
r❡♠♦✈❛❧ ❛♥❞ s❡❣♠❡♥t❛t✐♦♥ ♦❢ ❦✐❞♥❡② r❡❣✐♦♥✱ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❛♥❞ s❡❧❡❝t✐♦♥✱ ❛♥❞ s✉♣❡r✈✐s❡❞
❝❧❛ss✐✜❝❛t✐♦♥✳ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❞❡s✐❣♥❡❞ ▲❯❚ ❜❛s❡❞ ❝❧❛ss✐✜❡r✱ ❝❧❛ss✐✜❡s
♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ✐♠❛❣❡s ✇✐t❤♦✉t ❛♥② ❡rr♦r✳ ❉❡t❡❝t❡❞ ❛❜♥♦r♠❛❧✐t② ✐s ❢✉rt❤❡r ❝❧❛ss✐✜❡❞
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❛s ❝②st ♦r st♦♥❡ ✐♥ ❦✐❞♥❡② ✉s✐♥❣ ❙❱▼ ❝❧❛ss✐✜❡r✳ ❱❛r✐♦✉s ❦❡r♥❡❧s ❛r❡ ✉s❡❞ ✇✐t❤ ❙❱▼ ❝❧❛ss✐✜❡r
♦✉t ♦❢ ✇❤✐❝❤ ♠✉❧t✐✲❧❛②❡r ♣❡r❝❡♣tr♦♥ ❦❡r♥❡❧ ❣❛✈❡ ❛♥ ❛❝❝✉r❛❝② ♦❢ ✾✽✳✶✹✪ ✐♥ ❝❧❛ss✐❢②✐♥❣ ✇❤❡t❤❡r
❛❜♥♦r♠❛❧ ✐♠❛❣❡s ❝♦rr❡s♣♦♥❞s t♦ ❝②st ♦r st♦♥❡✳ Pr♦✈✐❞✐♥❣ s✉❝❤ ✐♥❢♦r♠❛t✐♦♥ ❤❡❧♣s r❛❞✐♦❧♦❣✐st
t♦ s✉❣❣❡st ✐♠♠❡❞✐❛t❡ ♣r❡❝❛✉t✐♦♥ ❛♥❞ ❛❧s♦ ♠♦♥✐t♦r ❞✐s❡❛s❡ ♣r♦❣r❡ss✐♦♥✳ ❚❤✉s t❤❡ ♣r♦♣♦s❡❞
❝♦❞❡ ✐s s✉❝❝❡ss❢✉❧❧② ✐♠♣❧❡♠❡♥t❡❞ ♦♥ ❋P●❆ ✉s✐♥❣ ♠❛♥✉❛❧ s❡❣♠❡♥t❛t✐♦♥ ❛♥❞ ✉s✐♥❣ ❛✉t♦♠❛t✐❝
❘❖■ ✐♠♣❧❡♠❡♥t❡❞ ♦♥ ③❡❞❜♦❛r❞✳ ❯s✐♥❣ ❱✐♦❧❛ ❏♦♥❡s ♠❡t❤♦❞ ❢♦r s❡❣♠❡♥t❛t✐♦♥✱ ✇❡ ❛❝❤✐❡✈❡❞
❜❡st ❛❝❝✉r❛❝② t❤❛t ❧✐❡s ❝❧♦s❡❧② t♦ ♠❛♥✉❛❧ s❡❣♠❡♥t❛t✐♦♥✳
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❈❤❛♣t❡r ✸
❘❖■ ❇❛s❡❞ ❈♦♠♣r❡ss✐♦♥ ❚❡❝❤♥✐q✉❡s
❚❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ t❤❡ ❘❖■ ❜❛s❡❞ ❝♦♠♣r❡ss✐♦♥ t❡❝❤♥✐q✉❡ ❢♦r ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ✐s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✸✳✶✳ ❚❤❡ r❡❣✐♦♥ ✇❤✐❝❤ ✐s ❞✐❛❣♥♦st✐❝❛❧❧② ♠♦r❡ ✐♠♣♦rt❛♥t ✐s s❡❧❡❝t❡❞ ❢r♦♠ t❤❡ ✐♠❛❣❡
❛♥❞ ❧♦ss❧❡ss ❝♦♠♣r❡ss✐♦♥ t❡❝❤♥✐q✉❡ ✐s ❛♣♣❧✐❡❞ ♦♥ t❤✐s t♦ ❛✈♦✐❞ t❤❡ ❧♦ss ♦❢ ❞❛t❛✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞ ❧♦ss② ❝♦♠♣r❡ss✐♦♥ ✐s ❛♣♣❧✐❡❞ ♦♥ t❤❡ ♥♦♥✲❘❖■ ♣❛rt ♦❢ t❤❡ ✐♠❛❣❡ ✇❤✐❝❤ ✐s ♥♦t ✉s❡❢✉❧ ❢♦r
❞✐❛❣♥♦s✐s✳
❋✐❣✉r❡ ✸✳✶✿ ❋❧♦✇ ❉✐❛❣r❛♠ ♦❢ Pr♦♣♦s❡❞ ❘❖■ ❇❛s❡❞ ❈♦♠♣r❡ss✐♦♥ ❚❡❝❤♥✐q✉❡
❋✐❣✉r❡ ✸✳✷ s❤♦✇s ❘❖■ ❛♥❞ ♥♦♥✲❘❖■ ♣❛rt ♦❢ ❦✐❞♥❡② ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡✳ ❘❡❣✐♦♥ ❖❢ ■♥t❡r❡st
✭❘❖■✮ ✐s ❛ ♣❛rt ♦❢ ♠❡❞✐❝❛❧ ✐♠❛❣❡ ✇❤✐❝❤ ❝♦♥t❛✐♥s t❤❡ ❞❛t❛ ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s ❛♥❞ ❛♥② ❧♦ss
♦❢ ❞❛t❛ ✐♥ t❤✐s r❡❣✐♦♥ ✇✐❧❧ ❣✐✈❡ ❢❛❧s❡ r❡♣♦rt✳ ◆♦♥✲❘❡❣✐♦♥ ❖❢ ■♥t❡r❡st ✭♥♦♥✲❘❖■✮ ♣❛rt ♦❢ t❤❡
♠❡❞✐❝❛❧ ✐♠❛❣❡ ✇✐❧❧ ♥♦t ❝♦♥t❛✐♥ ❛♥② ✉s❡❢✉❧ ✐♥❢♦r♠❛t✐♦♥ ❢♦r ❞✐❛❣♥♦s✐s ❛♥❞ ✐t ❝❛♥ ❛❧s♦ ❜❡ tr❛♥s✲
♠✐tt❡❞ ✇✐t❤ s♦♠❡ ❧♦ss ♦❢ ❞❛t❛✳ ❚❤❡s❡ t✇♦ r❡❣✐♦♥s ❛r❡ ❝♦♠♣r❡ss❡❞ ❛♥❞ tr❛♥s♠✐tt❡❞ t♦ t❤❡
❝❤❛♥♥❡❧ ✇✐t❤ ❧❡ss ❜❛♥❞✇✐❞t❤ ❛♥❞ r❡❝❡✐✈❡❞ ❛t t❤❡ r❡❝❡✐✈❡r s✐❞❡✳ ❚❤❡ r❡❝❡✐✈❡❞ ✐♠❛❣❡ ✐s ❞❡❝♦♠✲
♣r❡ss❡❞ ❛♥❞ ❜♦t❤ r❡❣✐♦♥s ❛r❡ ❢✉s❡❞ t♦ ❣❡t t❤❡ r❡❝♦♥str✉❝t❡❞ ✐♠❛❣❡✳ ❚❤❡ ✜♥❛❧ r❡❝♦♥str✉❝t❡❞
✐♠❛❣❡ ✐s ❡♥❤❛♥❝❡❞ ✉s✐♥❣ ❤✐st♦❣r❛♠ ❡q✉❛❧✐③❛t✐♦♥ ❢♦r ♠♦r❡ q✉❛❧✐t②✳
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❋✐❣✉r❡ ✸✳✷✿ ❘❖■ ❛♥❞ ♥♦♥✲❘❖■ ♦❢ ❛♥ ❯❧tr❛s♦✉♥❞ ❑✐❞♥❡② ■♠❛❣❡
✸✳✵✳✶ ❘❡❣✐♦♥ ♦❢ ■♥t❡r❡st ✭❘❖■✮ ❈❧❛ss✐✜❝❛t✐♦♥
❯❧tr❛s♦✉♥❞ ✐♠❛❣✐♥❣ ✐s t❤❡ ♦♥❡ ✇✐t❤ ♠♦r❡ s♣❡❝❦❧❡ ♥♦✐s❡ ❛♥❞ ❤❛✈✐♥❣ ❞✐st♦rt❡❞ ❡❞❣❡s ✇❤❡r❡
♥♦r♠❛❧ ♣❡rs♦♥ ❝❛♥ ♥♦t ❞❡t❡❝t ❛♥❞ s❝❛♥ t❤❡ ❜♦❞② ✇✐t❤♦✉t ♣r♦♣❡r tr❛✐♥✐♥❣✳ ❉✐✛❡r❡♥t ♣❡♦♣❧❡
♠❛② ❤❛✈❡ ❞✐✛❡r❡♥t ♣❡r❝❡♣t✐♦♥ t♦ ❛♥ ✐♠❛❣❡ ❝♦♥s✐❞❡r✐♥❣ ♣❤②s✐♦❧♦❣✐❝❛❧ ❛♥❞ ♣s②❝❤♦❧♦❣✐❝❛❧ ❢❡❛✲
t✉r❡s✱ ❛♥❞ ❡❛❝❤ ❡①♣❡rt ❤❛s t❤❡✐r ♦✇♥ ✇❛② ♦❢ ❞✐❛❣♥♦s✐s✳ ❋✉❧❧② ❛✉t♦♠❛t✐❝ ❞❡t❡❝t✐♦♥ ♦❢ ♦r❣❛♥
✐♥ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ✇✐❧❧ ♥♦t ♣r♦✈✐❞❡ t❤❡ ❡①❛❝t ❧♦❝❛t✐♦♥ ♦❢ ♦r❣❛♥ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥②
❛❜♥♦r♠❛❧✐t② ❛♥❞ ❛❝q✉✐r❡❞ ❞❛t❛ ♠❛② ♥♦t ❜❡ ❛❧✇❛②s ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s✳ ■♥ t❤✐s st✉❞②✱ t❤❡
r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✐s ❣❡♥❡r❛t❡❞ ❜❛s❡❞ ♦♥ ❛❧❣♦r✐t❤♠ ♣r♦♣♦s❡❞ ❜② ❍❛✜③❛❤ ❡t ❛❧✳ ❬✷✶❪✱ ✇❤❡r❡
t❤❡② ❞❡✈❡❧♦♣❡❞ ❘❖■ ❛✉t♦♠❛t✐❝❛❧❧② ❢r♦♠ t❤❡ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s ❜❛s❡❞ ♦♥ t❡①t✉r❡ ❛♥❛❧②s✐s✳
■♥ t❤✐s ❡①♣❡r✐♠❡♥t✱ t❤❡ ✐♥♣✉t ✐♠❛❣❡ ❞✐♠❡♥s✐♦♥ ✐s ✜①❡❞ ❛❝❝♦r❞✐♥❣ t♦ ✇❤✐❝❤ t❤❡ ✇✐♥❞♦✇ s✐③❡
✐s ✜①❡❞ ❛♥❞ ♣❧❛❝❡♠❡♥t ♦❢ ✇✐♥❞♦✇ ❡①❛❝t❧② ❛r♦✉♥❞ t❤❡ ♦r❣❛♥ ✐s ❞♦♥❡ ❜② s❡❧❡❝t✐♥❣ t❤❡ s❡❡❞
♣♦✐♥t✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❝❡♥tr❛❧ ❛r❡❛✱ t❤❡ r❡♥❛❧ s✐♥✉s ♦❢ t❤❡ ❦✐❞♥❡② ❛♣♣❡❛rs ♠♦r❡ ❜r✐❣❤t❡r t❤❛♥
♦t❤❡r ♣❛rt ♦❢ t❤❡ ✐♠❛❣❡✱ ❛♥❞ ✐♥ t❤❡ t❡①t✉r❡ ❛♥❛❧②s✐s✱ ✐t ✐s ❛❧s♦ ❝♦♥s✐❞❡r❡❞ ❛s t❤❡ ❝♦♠♠♦♥
r❡❣✐♦♥ ❞❡t❡❝t❡❞ ✐♥ ❦✐❞♥❡② ✐♠❛❣❡s✳ ❘❡❝t❛♥❣✉❧❛r ❘❖■ ✐s ❣❡♥❡r❛t❡❞ ❛❢t❡r ❛♣♣❧②✐♥❣ s♦♠❡ ♣r❡✲
♣r♦❝❡ss✐♥❣ ♠❡t❤♦❞s ❢♦r r❡❞✉❝t✐♦♥ ♦❢ s♣❡❝❦❧❡ ♥♦✐s❡ ❛♥❞ ✜♥❞✐♥❣ t❤❡ s❡❡❞ ♣♦✐♥t✳ ❇❧♦❝❦ ❞✐❛❣r❛♠
❢♦r ❛✉t♦♠❛t✐❝ ❘❖■ ♣r♦♣♦s❡❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✸✳
✸✳✵✳✷ ❘❖■✿ ▲♦ss❧❡ss ❈♦♠♣r❡ss✐♦♥
❆❢t❡r ✜♥❞✐♥❣ ❘❖■ ❢r♦♠ ❛♥ ✐♠❛❣❡✱ ❧♦ss❧❡ss ❝♦♠♣r❡ss✐♦♥ ✐s ❛♣♣❧✐❡❞ ❢♦r t❤❛t r❡❣✐♦♥✳ ■♥✲
t❡❣❡r ✇❛✈❡❧❡t tr❛♥s❢♦r♠ ❛♥❞ Pr❡❞✐❝t✐✈❡ ❝♦❞✐♥❣ t❡❝❤♥✐q✉❡s ❛r❡ ✉s❡❞ t♦ ♣❡r❢♦r♠ ❧♦ss❧❡ss ❝♦♠✲
♣r❡ss✐♦♥ ♦♥ t❤❡ ❘❖■ ❬✹✼❪✳ ❚❤✐s ✐s ✉s❡❞ t♦ r❡♠♦✈❡ s♣❛t✐❛❧ r❡❞✉♥❞❛♥❝② ❛♥❞ ❝♦❞✐♥❣ r❡❞✉♥❞❛♥❝②✳
❲❤❡♥ ■♥t❡❣❡r ❲❛✈❡❧❡t ❚r❛♥s❢♦r♠ ✭■❲❚✮ ✐s ❛♣♣❧✐❡❞ ♦♥ t❤❡ ✐♠❛❣❡✱ ✐t ❞❡❝♦♠♣♦s❡s t❤❡ ✐♠❛❣❡
✐♥t♦ ❢♦✉r s✉❜❜❛♥❞s ✉s✐♥❣ ❤❛❛r ✜❧t❡r ✐♥ t❤❡ ❧✐❢t✐♥❣ s❝❤❡♠❡ ❛♥❞ ✜❧t❡r ❝♦❡✣❝✐❡♥ts ❛r❡
❤✶❂❬✲✶ ✾ ✾ ✶❪✴✭✶✻✯✶✳✺✮
❤✷❂❬✵ ✵ ✶ ✶❪✴✭✲✹✯✶✳✺✮
✸✶
❋✐❣✉r❡ ✸✳✸✿ ❋❧♦✇ ❉✐❛❣r❛♠ ❢♦r ❘❖■ ●❡♥❡r❛t✐♦♥
❚❤❡ ❧♦✇ ❢r❡q✉❡♥❝② s✉❜❜❛♥❞ ✐s ❛t ❤✐❣❤❡st ❧❡✈❡❧ ❛♥❞ ❤❛s ♠✐♥✐❛t✉r❡ ✈❡rs✐♦♥ ♦❢ ♦r✐❣✐♥❛❧ ✐♠❛❣❡
✇✐t❤ ❛♣♣r♦①✐♠❛t❡ ❝♦❡✣❝✐❡♥ts✱ ✇❤✐❝❤ ❝♦♥t❛✐♥ ♠❛①✐♠✉♠ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ✐♠❛❣❡ t❤❛t ❝❛♥ ❜❡
❝❛❧❧❡❞ ❛s s✐❣♥✐✜❝❛♥t ❝♦❡✣❝✐❡♥t ♣❛rt✳ ❚❤❡ ♦t❤❡r s✉❜❜❛♥❞s ❝♦♥t❛✐♥ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❧✐♥❡s✱
❡❞❣❡s ❛♥❞ ❜♦✉♥❞❛r✐❡s ✇❤✐❝❤ t②♣✐❝❛❧❧② ❝♦rr❡s♣♦♥❞ t♦ ❤✐❣❤ ❢r❡q✉❡♥❝② ♣❛rt ♦❢ ✐♠❛❣❡✳ ❍✉♠❛♥
❱✐s✉❛❧ ❙②st❡♠ ✭❍❱❙✮ ✐s s❡♥s✐t✐✈❡ t♦ ❞✐st✉r❜❛♥❝❡s ♦r ❧♦ss❡s ✐♥ ❧♦✇ ❢r❡q✉❡♥❝② ♣♦rt✐♦♥s ♦❢ ✐♠✲
❛❣❡ r❛t❤❡r t❤❛♥ ❤✐❣❤ ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥t ❧♦ss✳ ❆❢t❡r ❛♣♣❧②✐♥❣ ■❲❚✱ ✐♠❛❣❡ ✐s s✉❜❥❡❝t❡❞ t♦
❧♦ss❧❡ss ♣r❡❞✐❝t✐✈❡ ❝♦❞✐♥❣ ❛♥❞ tr❛♥s❢❡r❡❞ ❜② ❤✐❣❤❧② ❝♦♠♣r❡ss✐♥❣ ❤✐❣❤ ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥ts✳
❇❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ s②st❡♠ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✹✳
❋✐❣✉r❡ ✸✳✹✿ ■❲❚ ❛♥❞ Pr❡❞✐❝t✐✈❡ ❈♦❞✐♥❣
Pr❡❞✐❝t✐✈❡ ❊♥❝♦❞❡r✿ ■♥ ♣r❡❞✐❝t✐✈❡ ❝♦❞✐♥❣ ❬✹✼❪✱ ❛ ♣r❡❞✐❝t❡❞ s❛♠♣❧❡ ✐s ❝❛❧❝✉❧❛t❡❞ ❜②
♣r❡❞✐❝t✐♥❣ ❜❧♦❝❦ ❜② ✉s✐♥❣ ❛ s❡❝♦♥❞ ♦r❞❡r r❡❧❛t✐♦♥✳ ❚❤❡ s❡❝♦♥❞ ♦r❞❡r ❡q✉❛t✐♦♥ ✉s❡s ♣r❡✈✐♦✉s
t✇♦ s❛♠♣❧❡s ♦❢ t❤❡ ✐♠❛❣❡ t♦ ❝❛❧❝✉❧❛t❡ ♣r❡s❡♥t ♣r❡❞✐❝t❡❞ s❛♠♣❧❡✱ ✐t ✐s r♦✉♥❞❡❞ ♦✛✳ ❚❤❡♥ t❤❡
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♣r❡❞✐❝t❡❞ s❛♠♣❧❡ ❛♥❞ ♣r❡s❡♥t s❛♠♣❧❡ ✐s ❡♥❝♦❞❡❞ ❛♥❞ tr❛♥s♠✐tt❡❞✳
■♥ t❤❡ ♣r♦❝❡ss ♦❢ ♣r❡❞✐❝t✐✈❡ ❝♦❞✐♥❣ ✐♥♣✉t ✐♠❛❣❡ ✐s ♣❛ss❡❞ t❤r♦✉❣❤ ❛ ♣r❡❞✐❝t♦r ✇❤❡r❡ ✐t ✐s
♣r❡❞✐❝t❡❞ ✇✐t❤ ✐ts t✇♦ ♣r❡✈✐♦✉s ✈❛❧✉❡s ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✺✳
f̂(n) = αf(n− 1) + βf(n− 2)
❲❤❡r❡ f̂(n) =< f(n− 1) >✱ f̂(n) ✐s t❤❡ r♦✉♥❞❡❞ ♦✉t♣✉t ♦❢ ♣r❡❞✐❝t♦r✱ f(n− 1) ❛♥❞ f(n− 2)
❛r❡ ♣r❡✈✐♦✉s ✈❛❧✉❡s✱ α ❛♥❞ β ❛r❡ s❡❝♦♥❞ ♦r❞❡r ♣r❡❞✐❝t♦r ❝♦❡✣❝✐❡♥ts r❛♥❣✐♥❣ ❢r♦♠ ✵ t♦ ✶✳
✸✷
❋✐❣✉r❡ ✸✳✺✿ Pr❡❞✐❝t✐✈❡ ❊♥❝♦❞❡r
❋✐❣✉r❡ ✸✳✻✿ Pr❡❞✐❝t✐✈❡ ❉❡❝♦❞❡r
Pr❡❞✐❝t✐✈❡ ❉❡❝♦❞❡r✿ ❘❡❝❡✐✈❡❞ s❛♠♣❧❡ ❛❧s♦ ✉♥❞❡r❣♦❡s ♣r❡❞✐❝t✐✈❡ ❞❡t❡❝t✐♦♥ ❛♥❞ t❤❡
✜rst s❛♠♣❧❡ ✐s t❛❦❡♥ ❛s r❡❢❡r❡♥❝❡✳ ❚❤❡♥ t❤❡ ♥❡①t s❛♠♣❧❡ ✐s ♣r❡❞✐❝t❡❞ ❢r♦♠ ♣r❡✈✐♦✉s s❛♠♣❧❡s✳
◆♦✇ t❤❡ r❡❝❡✐✈❡❞ s❛♠♣❧❡ ❛♥❞ t❤❡ ❞✐✛❡r❡♥❝❡ ✐s ❛❞❞❡❞ t♦ t❤❡ ♣r❡❞✐❝t❡❞ s❛♠♣❧❡ ❛♥❞ t❤❡ ♣✐①❡❧
✐s r❡❝♦♥str✉❝t❡❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡✸✳✻✳
❋✐❣✉r❡ ✸✳✼✿ ▲♦ss❧❡ss ❈♦♠♣r❡ss✐♦♥ ❘❡s✉❧t
✸✸
✸✳✵✳✸ ◆♦♥✲❘❖■✿ ▲♦ss② ❈♦♠♣r❡ss✐♦♥
❙❡t P❛rt✐t✐♦♥✐♥❣ ✐♥ ❍✐❡r❛r❝❤✐❝❛❧ ❚r❡❡s ✭❙P■❍❚✮ ❛♥❞ ❏P❊●✷✵✵✵ t❡❝❤♥✐q✉❡s ❛r❡ ✉s❡❞
❢♦r ❝♦♠♣r❡ss✐♦♥ ♦❢ ♥♦♥✲❘❖■ r❡❣✐♦♥✳ ■♠❛❣❡s ♣r♦❝❡ss❡❞ ❜② ✉s✐♥❣ ✇❛✈❡❧❡t ❜❛s❡❞ t❡❝❤♥✐q✉❡s ❛r❡
❤❛✈✐♥❣ ❣♦♦❞ ✈✐s✉❛❧ q✉❛❧✐t②✳ ❙P■❍❚ ❬✹✽❪ ✉s❡s ❤✐❡r❛r❝❤✐❝❛❧ tr❡❡ st✉❝t✉r❡ ♦♥ ✐♠❛❣❡ ✇❤✐❝❤ ✐s
tr❛♥s❢♦r♠❡❞ ✉s✐♥❣ ✇❛✈❡❧❡t✲tr❛♥s❢♦r♠✳ ❯s✉❛❧❧② ✐♠❛❣❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ♣r❡s❡♥t ✐♥ ❧♦✇ ❢r❡q✉❡♥❝②
❝♦♠♣♦♥❡♥ts ♦❢ tr❛♥s❢♦r♠❡❞ ✐♠❛❣❡ ❛♥❞ ❞❡❝r❡❛s✐♥❣ ✈❛r✐❛♥❝❡ ✐s ♦❜s❡r✈❡❞ ❛s ✇❡ ♠♦✈❡ ❢r♦♠ ❧♦✇
❢r❡q✉❡♥❝② t♦ ❤✐❣❤ ❢r❡q✉❡♥❝② s✉❜❜❛♥❞ ✐♥ ✐♠❛❣❡✳ ❙♣❛t✐❛❧ ❛♣♣r♦①✐♠❛t❡✲s✐♠✐❧❛r✐t② ✐s ♦❜s❡r✈❡❞
✐♥ ❝♦♥♥❡❝t✐♥❣ s✉❜✲❜❛♥❞s✳ ❆s ✇❡ ♠♦✈❡ ❞♦✇♥ ✐♥ t❤❡ ♣②r❛♠✐❞✱ t❤❡ ❝♦❡✣❝✐❡♥ts ❛r❡ ✐♥ ❜❡tt❡r
♠❛❣♥✐t✉❞❡ ❛❧❧✐❣♥♠❡♥t ✐♥ s❛♠❡ s♣❛t✐❛❧ ❞✐r❡❝t✐♦♥✳ ❙♣❛t✐❛❧ ❖r✐❡♥t❡❞ ❚r❡❡ ✭❙❖❚✮ ❞❡✜♥❡s s♣❛t✐❛❧
r❡❧❛t✐♦♥ ♦♥ ❤✐❡r❛r❝❤✐❝❛❧ ♣②r❛♠✐❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✽✳ ❊❛❝❤ ♥♦❞❡ ✐♥ tr❡❡ ✐s r❡♣r❡s❡♥t❡❞
❜② ❛ ♣✐①❡❧ ❛♥❞ ✐ts ❝♦✲♦r❞✐♥❛t❡s✳ P❛r❡♥t ♥♦❞❡ ❛♥❞ ❞❡❝❡♥❞❡♥ts ♦❢ t❤❡ ♣✐①❡❧ ❛♥❞ t❤❡ ♣✐①❡❧ ❢♦r♠
✷✯✷ ❛❞❥❛❝❡♥t ♣✐①❡❧ ❣r♦✉♣✳ P✐①❡❧s ❛t ❤✐❣❤❡st ❧❡✈❡❧ ❛r❡ tr❡❡ r♦♦ts✳ ❊①❝❡♣t ❢♦r ♦♥❡ ♥♦❞❡ t❤❡
r❡♠❛✐♥✐♥❣ t❤r❡❡ ♥♦❞❡s ❤❛✈❡ ♦✛s♣r✐♥❣ ♦❢ ❣r♦✉♣ s✐③❡ ✷✯✷ ♣✐①❡❧s ❛♥❞ s♦ ♦♥ ❢♦r♠✐♥❣ ❛ ❤✐❡r❛r❝❤✐❛❧
tr❡❡ st✉❝t✉r❡✳
❋✐❣✉r❡ ✸✳✽✿ ❙♣❛t✐❛❧ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❧❡✈❡❧s
❏P❊●✷✵✵✵ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❜♦t❤ ❧♦ss❧❡ss ❛♥❞ ❧♦ss② ❝♦♠♣r❡ss✐♦♥ ❛t t❤❡ s❛♠❡ t✐♠❡ ✐♥ ♦♥❡
❡♥❝♦❞❡❞ ❜✐t str❡❛♠✱ ❛♥❞ ✐s ♠♦r❡ ❛❞✈❛♥❝❡❞ t❤❛♥ ❏P❊● ✐♥ ✇❤✐❝❤ ❉❈❚ ✐s r❡♣❧❛❝❡❞ ✇✐t❤
✇❛✈❡❧❡t tr❛♥s❢♦r♠ ❬✹✾❪✳ ❚❤✐s st❛♥❞❛r❞ ❞❡✜♥❡s ❛ ♥❡✇ ✐♠❛❣❡ ❝♦❞✐♥❣ s❝❤❡♠❡ ❜❛s❡❞ ♦♥ ✇❛✈❡❧❡t
t❡❤♥♦❧♦❣②✱ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❛t ❘❖■ ❝♦❞✐♥❣ ✐s ♣♦ss✐❜❧❡ t♦ s❡❝✉r❡ t❤❡ ✐♠❛❣❡✳ ❆t ✜rst✱ ✇❛✈❡❧❡t
tr❛♥s❢♦r♠ ✐s ❛♣♣❧✐❡❞ t♦ ✐♠❛❣❡ ❢♦❧❧♦✇❡❞ ❜② q✉❛♥t✐③❛t✐♦♥ ❛♥❞ ❡♥tr♦♣② ❝♦❞✐♥❣ t❤❡♥ t❤❡ ❝♦♠✲
♣r❡ss❡❞ ❞❛t❛ ✐s s❡♥t t♦ t❤❡ ❝❤❛♥♥❡❧✳ ❋r♦♠ r❡❝❡✐✈❡r s✐❞❡ t❤❡ ❝♦♠♣r❡ss❡❞ ❞❛t❛ ❞❡❝♦❞❡❞ ❛♥❞
✐♥✈❡rs❡ q✉❛♥t✐③❡❞ ❢♦❧❧♦✇❡❞ ❜② ✐♥✈❡rs❡ ✇❛✈❡❧❡t tr❛♥s❢♦r♠✳
✸✳✶ ■♠❛❣❡ q✉❛❧✐t② ♠❡tr✐❝s
❚❤❡ q✉❛❧✐t② ♦❢ ✐♠❛❣❡ ❞❡❣r❛❞❡s ❛s ✐t ♣❛ss❡s t❤r♦✉❣❤ st♦r✐♥❣✱ ❝♦♠♣r❡ss✐♥❣ ❛♥❞ tr❛♥s♠✐t✲
t✐♥❣ ♣r♦❝❡ss❡s✳ ■♠❛❣❡ q✉❛❧✐t② ❛ss❡ss♠❡♥t ♠❡❛s✉r❡s t❤❡ ❞✐❣✐t❛❧ ✐♠❛❣❡ ❞❡❣r❛❞❛t✐♦♥ t♦ ✐♠♣r♦✈❡
✸✹
t❤❡ r❡s✉❧t❛♥t q✉❛❧✐t② ♦❢ ✐♠❛❣❡✳ ❙✉❜❥❡❝t✐✈❡ ❛♥❞ ♦❜❥❡❝t✐✈❡ ♠❡t❤♦❞s ❛r❡ ✉s❡❞ ❢♦r ❡✈❛❧✉❛t✐♦♥
♦❢ ✐♠❛❣❡ q✉❛❧✐t②✳ ❙✉❜❥❡❝t✐✈❡ ♠❡t❤♦❞ ✐s t✐♠❡ ❝♦♥s✉♠✐♥❣ ❛♥❞ ❡①♣❡♥s✐✈❡ ✇❤❡r❡ ❛s ♦❜❥❡❝t✐✈❡
♠❡t❤♦❞ ✐s s✐♠♣❧❡ ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ✉s❡r ✐♥t❡r❢❛❝❡✳ P❡❛❦ ❙✐❣♥❛❧ t♦ ◆♦✐s❡ ❘❛t✐♦✱ ❙tr✉❝t✉r❛❧
❙■▼✐❧❛r✐t② ❛r❡ t❤❡ ♠❡tr✐❝s ❝♦♥s✐❞❡r❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ❝♦♠♣r❡ss✐♦♥ ♠❡t❤♦❞s ❬✺✵❪✳
✸✳✶✳✶ P❙◆❘
P❡❛❦ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦ ✐s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ❛♥❞ ❞✐st♦rt❡❞ ✐♠❛❣❡✳
❍✐❣❤❡r P❙◆❘ ✈❛❧✉❡ ✐♠♣❧✐❡s ❞✐st♦rt❡❞ ✐♠❛❣❡ ✐s ❝❧♦s❡r t♦ ♦r✐❣✐♥❛❧ ✐♠❛❣❡ ✇✐t❤ ❤✐❣❤ ✐♠❛❣❡
q✉❛❧✐t②✳ ■t ✐s ❝❛❧❝✉❧t❡❞ ❛s s❤♦✇♥ ✐♥ ❡q✉❛t✐♦♥
PSNR = 10log10
(
2552
MSE
)
dB
✇❤❡r❡ ▼❙❊ ✐s t❤❡ ♠❡❛♥ sq❛✉r❡ ❡rr♦r ♦❢ ❛♥ ✐♠❛❣❡
✸✳✶✳✷ ❙❙■▼
❙tr✉❝t✉r❛❧ s✐♠✐❧❛r✐t② ✐♥❞❡① ✐s t❤❡ ♠❡tr✐❝ ✉s❡❞ ❢♦r ♠❡❛s✉r✐♥❣ t❤❡ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ t✇♦
✐♠❛❣❡s✳ ❙❙■▼ ✐s ♠✉❝❤ ♠♦r❡ ❜❡tt❡r t❤❛♥ ▼❙❊✱ P❙◆❘ ❢♦r q✉❛♥t✐❢②✐♥❣ t❤❡ ✐♠❛❣❡✳ ■t ❝♦♥s✐❞❡rs
✐♠❛❣❡ ❞❡❣r❛❞❛t✐♦♥ ❛s r❡❝♦❣♥✐③❡❞ ❝❤❛♥❣❡ ✐♥ str✉❝t✉r❛❧ ✐♥❢♦r♠❛t✐♦♥ ✇❤✐❝❤ r❛♥❣❡s ❢r♦♠ ✲✶ t♦
✶✳ ❙❙■▼ ♠❡❛s✉r❡❞ ❜❡t✇❡❡♥ t✇♦ ✇✐♥❞♦✇s ① ❛♥❞ ② ♦❢ s✐③❡ ◆✯◆ ✐s
SSIM(x, y) =
(2µxµy + c1)(2σxy + c2)
(µx2 + µy2 + c1)(σx2 + σy2 + c2)
❲❤❡r❡ µx✱ µy ❛r❡ ❛✈❡r❛❣❡ ♦❢ ① ❛♥❞ ②✱ σx2✱ σy2 ❛r❡ ✈❛r❛✐♥❝❡ ♦❢ ① ❛♥❞ ②✱ σxy ✐s ❝♦✈❛r❛✐♥❝❡
❜❡t✇❡❡♥ ① ❛♥❞ ②✱ c1 = (K1L)2✱ c2 = (K2L)2 ❛r❡ t✇♦ ✈❛r✐❛❜❧❡s t♦ st❛❜✐❧✐③❡ t❤❡ ❞✐✈✐s✐♦♥ ✇✐t❤
✇❡❛❦ ❞❡♥♦♠✐♥❛t♦r✱ ❛♥❞ ▲ t❤❡ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ t❤❡ ♣✐①❡❧✲✈❛❧✉❡s ✭K1 = K2 = 0.5✮✳
✸✳✶✳✸ ❈♦♠♣r❡ss✐♦♥ ❘❛t✐♦
❈♦♠♣r❡ss✐♦♥ r❛t✐♦ ✐s ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ❛❜✐❧✐t② ♦❢ ❞❛t❛ ❝♦♠♣r❡ss✐♦♥ ❜② ❝♦♥s✐❞❡r✐♥❣ t❤❡
r❛t✐♦ ♦❢ s✐③❡ ♦❢ ❝♦♠♣r❡ss❡❞ ✐♠❛❣❡ t♦ t❤❡ s✐③❡ ♦❢ ♦r✐❣✐♥❛❧ ✐♠❛❣❡✳ ❘❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❜✐ts ♣❡r
♣✐①❡❧ ✭❜♣♣✮ ❛♥❞ ❝♦♠♣r❡ss❡❞ ✐♠❛❣❡ ✐s ❣✐✈❡♥ ❜②
CompressionRatio(CR%) = 8
bpp
❈♦♠♣r❡ss✐♦♥ r❛t✐♦ ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s❡ ✐♥ ❜✐ts ♣❡r ♣✐①❡❧✳
✸✳✶✳✹ ❚r❛♥s♠✐ss✐♦♥ ❊♥❡r❣②
❊♥❡r❣② s♣❡♥t ♦♥ tr❛♥s♠✐tt✐♥❣ t❤❡ ❡♥❝♦❞❡❞ ✐♠❛❣❡ r❡❢❡r✐♥❣ t♦ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ▼■❈❆✷ ♠♦t❡s
✐s ❣✐✈❡♥ ❜②
ETx = (Numberofbytesfortransmission)XeTx
❲❤❡r❡ eTx ✐s t❤❡ ❡♥❡r❣② r❡q✉✐r❡❞ t♦ tr❛♥s♠✐t ✶ ❜②t❡ ♦❢ ❞❛t❛ ❬✺✶❪✳
✸✺
✸✳✷ ❘❡s✉❧ts ❛♥❞ ❆♥❛❧②s✐s
❉✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✐♠❛❣❡ ❝♦♠♣r❡ss✐♦♥ t❡❝❤♥✐q✉❡s s✉❝❤ ❛s ❙P■❍❚✱ ❏P❊●✷✵✵✵
❛♥❞ ■❲❚ ❢♦❧❧♦✇❡❞ ❜② ♣r❡❞✐❝t✐✈❡ ❝♦❞✐♥❣ ❛r❡ ❛♣♣❧✐❡❞ ♦♥ ❘❖■ ❛♥❞ ♥♦♥✲❘❖■ ♣❛rts ♦❢ ✐♠❛❣❡✳
❋✐❣✉r❡ ✸✳✼ s❤♦✇s t❤❡ ❧♦ss❧❡ss ❝♦♠♣r❡ss✐♦♥ ✉s✐♥❣ ■❲❚ ❢♦r ❘❖■✱ ❋✐❣✉r❡ ✸✳✾ r❡❢❡rs t♦ ❙P■❍❚
❝♦♠♣r❡ss✐♦♥ ❢♦r ♥♦♥✲❘❖■✱ ❛♥❞ ❋✐❣✉r❡✳✸✳✶✵ r❡♣r❡s❡♥ts r❡❝♦♥str✉❝t❡❞ ✐♠❛❣❡ ❝♦♠❜✐♥✐♥❣ ❜♦t❤
t❤❡ r❡❣✐♦♥s✳ ❋r♦♠ ❚❛❜❧❡ ✸✳✶✱ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t ❛♣♣❧②✐♥❣ ■❲❚ ❢♦r ❘❖■ ❛♥❞ ❏P❊●✷✵✵✵
❢♦r ♥♦♥✲❘❖■ ✭■❲❚✴❏P❊●✷❑✮ ❣✐✈❡s ❤✐❣❤ P❡❛❦ ❙✐❣♥❛❧ t♦ ◆♦✐s❡ ❘❛t✐♦ ✭P❙◆❘✮ ❛t ❛❧❧ ❜✐t
r❛t❡s ❝♦♠♣❛r❡❞ t♦ ❛♥② ♦t❤❡r ♠❡t❤♦❞✳ ❋✐❣✉r❡ ✸✳✶✶ s❤♦✇s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ♣❧♦t ♦❢
P❙◆❘ ❱s ❇✐t ❘❛t❡ ❢♦r ❛❧❧ ♠❡t❤♦❞s✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t ❙tr✉❝t✉r❛❧ ❙■▼✐❧❛r✐t② ✭❙❙■▼✮ ❛t
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Remote-
Sonographer
Cloud
Video 
Validation
Ultrasound imaging system
Compression
Smart Video Transmission
❋✐❣✉r❡ ✹✳✶✿ Pr♦♣♦s❡❞ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❙♠❛rt ❈♦♥♥❡❝t❡❞ ❯❧tr❛s♦✉♥❞ ■♠❛❣✐♥❣ ❙②st❡♠ ✭❙❈❯■❙✮
❢♦r r❡♠♦t❡ ❤❡❛❧t❤ ♠♦♥✐t♦r✐♥❣✳
❋✐❣✉r❡ ✹✳✷✿ ❈✉st♦♠ ❞❡s✐❣♥❡❞ ❯❧tr❛s♦✉♥❞ ❇♦❛r❞✳
✹✵
✹✳✶✳✶ ❊①t❡r♥❛❧ ■♥t❡r❢❛❝❡✲❘❆❑✹✶✶ ❆s ❲✐✲❋✐ ▼♦❞✉❧❡
❘❆❑✹✶✶ ✐s ✉s❡❞ ❛s ❲✐✲❋✐ ♠♦❞✉❧❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✸✱ ✐t ✐s ❛✈❛✐❧❛❜❧❡ ✐♥ ◗❋◆ ♣❛❝❦❛❣❡
❛♥❞ ❝❛♥ ❜❡ ❡♠❜❡❞❞❡❞ ♦♥t♦ t❤❡ ❜♦❛r❞ ❞✐r❡❝t❧②✳ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐ ♠♦❞✉❧❡ ✐♥t❡r❢❛❝❡❞ ✇✐t❤
t❤❡ ❞❡✈✐❝❡ ❛♥❞ ❢❡❛t✉r❡s ♦❢ t❤✐s ♠♦❞✉❧❡ s✉♣♣♦rt ■❊❊❊ ✽✵✷✳✶✶ ❜✴❣✴♥ ♣r♦t♦❝♦❧s✱ ❢♦✉r ✇✐r❡ ❙P■
✐♥t❡r❢❛❝❡ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❝❧♦❝❦ ❢r❡q✉❡♥❝② s✉♣♣♦rt ♦❢ ✶✻ ▼❍③✱ ❛ ♠❛①✐♠✉♠ t❤r♦✉❣❤♣✉t ♦❢
✷▼❜♣s ✉s✐♥❣ ❙P■ ♣r♦t♦❝♦❧ ❛♥❞ ♣r✐♥t❡❞ ❝❡r❛♠✐❝ ❛♥t❡♥♥❛ ♦♥ ❜♦❛r❞✳
❋✐❣✉r❡ ✹✳✸✿ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐ ▼♦❞✉❧❡✳
❆❧t❤♦✉❣❤ t❤❡ s♣❡❡❞ ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥s ♠♦❞✉❧❡ ✐s ✷▼❜♣s✱ t❤❡ ❛❝t✉❛❧ s♣❡❡❞ t❤❛t ❝❛♥
❜❡ ❛❝❤✐❡✈❡❞ ❞❡♣❡♥❞s ♦♥ t❤❡ ❧✐♥❦ s♣❡❡❞ ♦❢ t❤❡ ♥❡t✇♦r❦ t❤❡ ❞❡✈✐❝❡ ✐s ❝♦♥♥❡❝t❡❞ t♦✳ ❚❤❡ ❛✈❡r❛❣❡
s♣❡❡❞s t❤❛t t❤❡ ❞❡✈✐❝❡ ❝♦✉❧❞ ❛❝❤✐❡✈❡ ❛r❡ ❛s ❢♦❧❧♦✇s✳
• ✹✵✵❦❜♣s ✇❤❡♥ ❝♦♥♥❡❝t❡❞ t♦ ❲✐✲❋✐ r♦✉t❡r ❝♦♥♥❡❝t❡❞ t♦ ❛ ▲❆◆✳
• ✷✾✻❦❜♣s ✇❤❡♥ ❝♦♥♥❡❝t❡❞ t♦ ❛ ♠♦❜✐❧❡ ♣❤♦♥❡ ❛❝t✐♥❣ ❛s ❲✐✲❋✐ ❛❝❝❡ss ♣♦✐♥t s❤❛r✐♥❣ t❤❡
♠♦❜✐❧❡ ❞❛t❛ ❝♦♥♥❡❝t✐♦♥✳
• ✶✺✹❦❜♣s ✇❤❡♥ t❤❡ ❞❡✈✐❝❡ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♥❡t✇♦r❦ ✉s✐♥❣ ❛ ✷● ✐♥t❡r♥❡t ❞♦♥❣❧❡✳
• ✽✸✸❦❜♣s ✇❤❡♥ t❤❡ ❞❡✈✐❝❡ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♥❡t✇♦r❦ ✉s✐♥❣ ❛ ✇✐r❡❞ ✐♥t❡r♥❡t ❝♦♥♥❡❝t✐♦♥✳
✹✳✷ ❯❧tr❛s♦✉♥❞ ❱✐❞❡♦ ❱❛❧✐❞❛t✐♦♥ ❢♦r ❙♠❛rt ❚r❛♥s♠✐ss✐♦♥
■♥ ❜❛❝❦ ❡♥❞ ♣r♦❝❡ss✐♥❣✱ ❛❢t❡r r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛♥ ✐♠❛❣❡ ♦r ✈✐❞❡♦ ❢r♦♠ t❤❡ ❯❙ s②st❡♠ t❤❡
s♠❛rt ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ r✉♥s ♦♥ t❤❡ ♣r♦❝❡ss♦r✳ ❲♦r❦✢♦✇ ❢♦r s♠❛rt ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦
tr❛♥s♠✐ss✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✹✳ ❈❛♣t✉r❡❞ ✈✐❞❡♦ ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ ❢r❛♠❡s ❞❡♣❡♥❞✐♥❣ ♦♥
t❤❡ ❢r❛♠❡ r❛t❡ ♦❢ t❤❡ ✈✐❞❡♦✱ ✇❤❡r❡ N❴F ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❢r❛♠❡s ❣❡♥❡r❛t❡❞ ✐♥ t❤❡
✈✐❞❡♦✳ ❲❡ ❝❧❛ss✐✜❡❞ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡s ✐♥ t♦ t❤r❡❡ t②♣❡s s✉❝❤ ❛s ♥♦ ♦r❣❛♥✱ ♣❛rt✐❛❧
♦r❣❛♥ ❛♥❞ ❢✉❧❧ ♦r❣❛♥ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✺✳ ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡ ✇✐t❤ ❛♥② ✐♥❢♦r♠❛t✐♦♥
t❤❛t ❝❛♥ ❜❡ ♣❡r❝❡✐✈❡❞ ❢♦r ❞✐❛❣♥♦s✐s ✐s ❝❧❛ss✐✜❡❞ ❛s ✈❛❧✐❞ ❢r❛♠❡ ❢♦r tr❛♥s♠✐ss✐♦♥✳ ❯❧tr❛s♦✉♥❞
✈✐❞❡♦ ❢r❛♠❡ t❤❛t ❞♦❡s ♥♦t ❝♦♥✈❡② ❛♥② ♦r❣❛♥ ✐♥❢♦r♠❛t✐♦♥ ✐s ❝♦♥s✐❞❡r❡❞ ❛s ✐♥✈❛❧✐❞ ❢r❛♠❡ ❢♦r
tr❛♥s♠✐ss✐♦♥ t♦ ❝❧♦✉❞✳ ❋✐❣✳ ✹✳✺✭❛✮ s❤♦✇s ❛ ❢r❛♠❡ ✇✐t❤ ♥♦ ♦r❣❛♥ ✐✳❡✳✱ ✐♥✈❛❧✐❞ ❢r❛♠❡✱ ❢r❛♠❡s
✇✐t❤ ♣❛rt✐❛❧ ♦r❣❛♥ ❛♥❞ ❢✉❧❧ ♦r❣❛♥ ❛r❡ tr❡❛t❡❞ ❛s ✈❛❧✐❞ ❢r❛♠❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✺✭❜✮ ❛♥❞
❋✐❣✳ ✹✳✺✭❝✮ r❡s♣❡❝t✐✈❡❧②✳ V❴f ❣✐✈❡s ✈❛❧✐❞ ❢r❛♠❡ ❝♦✉♥t ❛♥❞ F❴count ❣✐✈❡s ❢r❛♠❡ ❝♦✉♥t✱
✐♥✐t✐❛❧❧② t❤❡s❡ ❛r❡ ❛ss✐❣♥❡❞ t♦ ③❡r♦✳ ❋❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ ❡❛❝❤ ❢r❛♠❡ ❛♥❞ ❝❧❛ss✐✜❡r ✐s
✹✶
tr❛✐♥❡❞ ✇✐t❤ ❢❡❛t✉r❡ ✈❛❧✉❡s ♦❢ t❤r❡❡ ❝❧❛ss❡s ♦❢ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❋r❛♠❡s t❤❛t ❛r❡ ♥♦t ✉s❡❢✉❧ ❢♦r
❞✐❛❣♥♦s✐s ❛r❡ ❞✐s❝❛r❞❡❞✱ ✇❤✐❧❡ ✈❛❧✐❞ ❢r❛♠❡s t❤❛t ❛r❡ ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s ❛r❡ st♦r❡❞ ✐♥ ❜✉✛❡r
❛♥❞ V❴f ❝♦✉♥t ✐s ✐♥❝r❡❛s❡❞✳ F❴count ✐♥❝r❡❛s❡❞ ❜② ♦♥❡ ❢♦r ❡✈❡r② ❢r❛♠❡✳ ❚❤❡ ♣r♦❝❡ss ♦❢
❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✱ ❝❧❛ss✐✜❝❛t✐♦♥ ❝♦♥t✐♥✉❡s ✉♥t✐❧ F❴count = N❴f ✳ ■❢ V❴f = 0 ✐✳❡✳✱ t❤❡r❡
❛r❡ ♥♦ ✈❛❧✐❞ ❢r❛♠❡s ✐♥ ❛ ✈✐❞❡♦✱ t❤❡♥ ✐t ❛❧❡rts t❤❡ s♦♥♦❣r❛♣❤❡r t♦ r❡s❝❛♥✳ ■❢ t❤❡ ❝♦♥❞✐t✐♦♥
♦❢ V❴f = 0 ✐s ❢❛❧s❡ t❤❡♥ ✈✐❞❡♦ ❝♦♥t❛✐♥s ♦♥❧② ✈❛❧✐❞ ❢r❛♠❡s ❛♥❞ tr❛♥s♠✐tt❡❞ t♦ ❝❧♦✉❞ ❛❢t❡r
❛♣♣r♦♣r✐❛t❡ ❝♦♠♣r❡ss✐♦♥✳
❋✐❣✉r❡ ✹✳✹✿ ❖✈❡r❛❧❧ ✇♦r❦ ✢♦✇ ♦❢ Pr♦♣♦s❡❞ ❯❧tr❛s♦✉♥❞ ❱✐❞❡♦ ❱❛❧✐❞❛t✐♦♥ ❢♦❧❧♦✇❡❞ ❜② ❈♦♠✲
♣r❡ss✐♦♥ ❢♦r ❙♠❛rt ❚r❛♥s♠✐ss✐♦♥✳
✹✳✷✳✶ ■♠♣❧❡♠❡♥t❛t✐♦♥ Pr♦♣♦s❡❞ ❆❧❣♦r✐t❤♠ ✐♥ ❉❡t❛✐❧
❚❤❡ ❜❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ ♣r♦♣♦s❡❞ ♦r❣❛♥ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✻✳ ❯❧tr❛s♦✉♥❞
✈✐❞❡♦ str❡❛♠ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ s❡t ♦❢ ❢r❛♠❡s ❛♥❞ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✐s ❢♦✉♥❞ ❛t ❡❛❝❤ ❢r❛♠❡ ❛♥❞
❢❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❛t r❡❣✐♦♥✳ ❆❢t❡r ❡①tr❛❝t✐♦♥ ♦❢ ❢❡❛t✉r❡s✱ ♦♥❧② s❡❧❡❝t❡❞ ❢❡❛t✉r❡s
❛r❡ ❝♦♥s✐❞❡r❡❞ ❢♦r ❢✉rt❤❡r ❝❧❛ss✐✜❝❛t✐♦♥✳ ❈❧❛ss✐✜❡r ❞❡❝✐❞❡s t❤❡ ❝✉rr❡♥t ❢r❛♠❡ ❛s ♥♦ ♦r❣❛♥
♦r ❢✉❧❧ ♦r❣❛♥ ♦r ♣❛rt✐❛❧ ♦r❣❛♥ ❢r❛♠❡✳ P❛rt✐❛❧ ❛♥❞ ❢✉❧❧ ♦r❣❛♥ ❢r❛♠❡s ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛s ✈❛❧✐❞
❢r❛♠❡s ❛♥❞ st♦r❡❞ ✐♥ ❜✉✛❡r✱ ✇❤❡r❡ ❛s ♥♦ ♦r❣❛♥ ❢r❛♠❡s ❛r❡ ❞✐s❝❛r❞❡❞✳
✹✷
✭❛✮ ✭❜✮
✭❝✮
❋✐❣✉r❡ ✹✳✺✿ ✭❛✮ ◆♦ ❖r❣❛♥ ✭❜✮ P❛rt✐❛❧ ♦r❣❛♥ ✭❝✮ ❋✉❧❧ ♦r❣❛♥✳
❋✐❣✉r❡ ✹✳✻✿ ❇❧♦❝❦ ❞✐❛❣r❛♠ ❢♦r ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠✳
✹✳✷✳✷ ❉❛t❛❜❛s❡ ❆❝q✉✐s✐t✐♦♥
❲❡ ❛❝q✉✐r❡❞ ✈✐❞❡♦s ✉s✐♥❣ ❙✐❡♠❡♥s ❆❝✉s♦♥ ❙✷✵✵✵ ✉❧tr❛s♦✉♥❞ ♠❛❝❤✐♥❡ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ r❛✲
❞✐♦❧♦❣✐st ❜② t❛❦✐♥❣ ♣❛t✐❡♥ts ❛♣♣r♦✈❛❧ ♦♥ ♣❛t✐❡♥t ❝♦♥s❡♥t ❢♦r♠✳ ✽✵ ♣❛t✐❡♥ts ✐♥❝❧✉❞✐♥❣ ♠❛❧❡
❛♥❞ ❢❡♠❛❧❡ ❣❡♥❞❡r ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ♣r♦❝❡❞✉r❡✳ ❚❤❡ ❞❛t❛❜❛s❡ ❝♦♥s✐sts
♦❢ ✷✵ ♥♦r♠❛❧✱ ✷✵ ❛❜♥♦r♠❛❧ ❦✐❞♥❡② ❯❙ ✈✐❞❡♦s✳ ❚❤❡ ❝♦♥❞✐t✐♦♥ ♦❢ ❦✐❞♥❡②s ❛r❡ ❛♥❛❧②③❡❞ ❛♥❞
❝♦♥✜r♠❡❞ ❢r♦♠ t❤❡ ❘❛❞✐♦❧♦❣✐st✱ ✇❤✐❝❤ ✐s ✉s❡❞ ❛s ❛ ❣r♦✉♥❞ tr✉t❤ ✐♥ tr❛✐♥✐♥❣ ❛♥❞ t❡st✐♥❣
t❤❡ ❛❧❣♦r✐t❤♠✳ ❖✉t ♦❢ ✹✵ ✈✐❞❡♦s✱ ✶✵ ♥♦r♠❛❧ ❛♥❞ ✶✵ ❛❜♥♦r♠❛❧ ❝❛s❡s ♦❢ ❦✐❞♥❡② ✈✐❞❡♦s ❛r❡
✉s❡❞ t♦ tr❛✐♥ t❤❡ ❝❧❛ss✐✜❡r✳ ✸✺✵ ✈❛❧✐❞ ❛♥❞ ✸✺✵ ✐♥✈❛❧✐❞ ❢r❛♠❡s ❛r❡ ✉s❡❞ t♦ tr❛✐♥ t❤❡ ❝❧❛ss✐✜❡r
❜② ❝♦♠❜✐♥✐♥❣ ❜♦t❤ ♥♦r♠❛❧ ❛♥❞ ❛❜♥♦r♠❛❧ ❝❛s❡s✳ ❘❡♠❛✐♥✐♥❣ ✷✵ ✈✐❞❡♦s ❛r❡ ✉s❡❞ t♦ t❡st t❤❡
❝❧❛ss✐✜❡r✳ ■♥ t❤❡ t❡st✐♥❣ ♣❤❛s❡✱ ✸✵✵ ✈❛❧✐❞ ❛♥❞ ✸✵✵ ✐♥✈❛❧✐❞ ❢r❛♠❡s ❛r❡ ✉s❡❞✳
✹✸
✹✳✷✳✸ ❋✐♥❞✐♥❣ ❘❡❣✐♦♥ ♦❢ ■♥t❡r❡st
❋r❛♠❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ✈✐❞❡♦ ❛♥❞ ❝♦♥s✐❞❡r❡❞ ❛s ✐♥❞✐✈✐❞✉❛❧ ✐♠❛❣❡s✳ ❘❡❣✐♦♥ ♦❢ ✐♥t❡r✲
❡st ✭❘❖■✮ ✐s t❤❡ r❡❣✐♦♥ ✐♥ ♠❡❞✐❝❛❧ ✐♠❛❣❡ ✇❤✐❝❤ ❝♦♥t❛✐♥s ❞✐❛❣♥♦st✐❝❛❧❧② ✐♠♣♦rt❛♥t ❞❛t❛ ❢♦r
❡①❛♠✐♥❛t✐♦♥✳ ■♥ ✉❧tr❛s♦✉♥❞ ✐♠❛❣❡s t❤❡ ✐♠❛❣✐♥❣ ♣❧❛♥❡ ✐s ✐♥ ❝♦♥❡ s❤❛♣❡❞ ✇❤❡r❡ ❞❛t❛ r❡q✉✐r❡❞
❢♦r ❞✐❛❣♥♦s✐s ❧✐❡s ✐♥s✐❞❡ ✐t✳ ❈✐r❝❧❡ s❤❛♣❡ ✇✐t❤ ❛♣♣r♦♣r✐❛t❡ r❛❞✐✉s ✐s ❝❤♦s❡♥ t♦ ❡♥❝❧♦s❡ t❤❡ ❘❖■
s✉❝❤ t❤❛t ✐t ❝♦✈❡rs t❤❡ ♠❛①✐♠✉♠ ❛r❡❛ ❛t ❜♦tt♦♠ ♦❢ ❝♦♥❡ ✇❤❡r❡ ♠❡❞✐❝❛❧ ❞❛t❛ ✐s ♣r❡s❡♥t✳
❇❡❢♦r❡ ✜♥❞✐♥❣ ❘❖■ t❤❡ ✐♠❛❣❡ ✐s ♥♦r♠❛❧✐③❡❞ ❛♥❞ ♠❡❞✐❛♥ ✜❧t❡r ✐s ✉s❡❞ t♦ r❡♠♦✈❡ ❜❛❝❦✲
❣r♦✉♥❞ ♥♦✐s❡ ❛♥❞ ♦♥❧② ❝♦♥❡ s❤❛♣❡❞ ✐♠❛❣✐♥❣ ♣❧❛♥❡ ✐s ♦❜t❛✐♥❡❞✳ ❚❤❡ r❛❞✐✉s ❛♥❞ ❝❡♥t❡r ♦❢
❝✐r❝❧❡ ✐s s❡❧❡❝t❡❞ ❜❛s❡❞ ♦♥ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ✐♠❛❣❡✳ ❚❤❡ s✐③❡ ♦❢ ✐♠❛❣❡ ✐s ✶✵✷✹X✼✶✷✱ ✶✵✷✹
❝♦❧✉♠♥s ❛♥❞ ✼✶✷ r♦✇s✳ ■♠❛❣❡ ✐s s❝❛♥♥❡❞ ❛❧♦♥❣ ❳✲❛①✐s t♦ ❞❡t❡❝t ✜rst ❛♥❞ ❧❛st ♥♦♥③❡r♦ ♣✐①❡❧
✈❛❧✉❡s✳ ▲❡t t❤❡ ❝♦♦r❞✐♥❛t❡s ♦❢ ✜rst ❛♥❞ ❧❛st ♥♦♥③❡r♦ ♣✐①❡❧ ✈❛❧✉❡s ❛❧♦♥❣ ❳✲❛①✐s ❜❡ (xi, y) ❛♥❞
(xj , y)✱ ✇❤❡r❡ i, j ∈ [1, 1024]✳ i, j t❛❦❡ ✈❛❧✉❡s ❢r♦♠ ✶ t♦ ✶✵✷✹✱ ✇❤❡r❡ ✐ st❛rts ❢r♦♠ ♠✐♥✐♠✉♠
✈❛❧✉❡ ✶ ❛♥❞ ❥ st❛rts ✇✐t❤ ✶✵✷✹✳ ❚❤❡ ♠✐❞♣♦✐♥t ♦❢ ✜rst ❛♥❞ ❧❛st ♥♦♥③❡r♦ ♣✐①❡❧ ✈❛❧✉❡ ✐s t❤❡ r❡✲
q✉✐r❡❞ ①✲❝♦♦r❞✐♥❛t❡ ♦❢ ❝❡♥t❡r ♦❢ ❝✐r❝❧❡✳ ❙✐♠✐❧❛r❧②✱ ❜② s❝❛♥♥✐♥❣ ❛❧♦♥❣ ❨✲❛①✐s t❤❡ ②✲❝♦♦r❞✐♥❛t❡
♦❢ ❝❡♥t❡r ♦❢ ❝✐r❝❧❡ ✐s ❞❡t❡r♠✐♥❡❞✳ ❘❛❞✐✉s ♦❢ ❧❡♥❣t❤ ✷✺✵ ♣✐①❡❧s ✐s ❝♦♥s✐❞❡r❡❞ ❢♦r ❘❖■✱ t❤❛t
❡①❛❝t❧② ✜ts t♦ t❤❡ ❛❝q✉✐r❡❞ ✐♠❛❣❡✳ ❘❖■ ❢♦r ✈❛❧✐❞ ❛♥❞ ✐♥✈❛❧✐❞ ❢r❛♠❡ ✐s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✼
✭❛✮ ■♥✈❛❧✐❞ ❋r❛♠❡ ✭❜✮ ❱❛❧✐❞ ❋r❛♠❡
❋✐❣✉r❡ ✹✳✼✿ ❘❖■ ❢♦r ✈❛❧✐❞ ❛♥❞ ✐♥✈❛❧✐❞ ❢r❛♠❡✳
✹✳✷✳✹ ❋❡❛t✉r❡ ❊①tr❛❝t✐♦♥
❚❡①t✉r❡ ✐s ♦♥❡ ♦❢ t❤❡ ✐♠♣♦rt❛♥t ❝❤❛r❛❝t❡r✐st✐❝ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥② ♦r❣❛♥ ♦r
✜♥❞✐♥❣ t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✐♥ ❛♥ ✐♠❛❣❡✳ ■♥ ♠♦st ♦❢ t❤❡ ♠❡❞✐❝❛❧ ✐♠❛❣❡s ❧✐❦❡ ❈❚ s❝❛♥✱ ▼❘■✱
❛♥❞ ✉❧tr❛s♦✉♥❞ t❤❡② ❞✐✛❡r ❜② ✐♠❛❣❡ t❡①t✉r❡✳ ❚❤❡r❡ ❛r❡ ♠❛♥② ♠❡tr✐❝s ✐♥ ✐♠❛❣❡ ♣r♦❝❡ss✐♥❣
t♦ q✉❛♥t✐❢② t❤❡ ♣❡r❝❡✐✈❡❞ t❡①t✉r❡ ♦❢ ❛♥ ✐♠❛❣❡ ❬✺✷❪❬✺✸❪✳ ❋❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ t♦ r❡♣r❡s❡♥t
❛♥ ✐♠❛❣❡ ✐♥ r❡❞✉❝❡❞ ❛♥❞ ❝♦♠♣❛❝t ❢♦r♠ ✐♥ ♦r❞❡r t♦ s♣❡❡❞ ✉♣ t❤❡ ❞❡❝✐s✐♦♥ ♠❛❦✐♥❣ ♣r♦❝❡ss
❢♦r ❢✉rt❤❡r ❝❧❛ss✐✜❝❛t✐♦♥✳ ■♥t❡♥s✐t② ❤✐st♦❣r❛♠ ❢❡❛t✉r❡s✱ ●r❛② ▲❡✈❡❧ ❈♦✲♦❝❝✉rr❡♥❝❡ ▼❛tr✐①
✭●▲❈▼✮ ❢❡❛t✉r❡s✱ ●r❛② ▲❡✈❡❧ ❘✉♥ ▲❡♥❣t❤ ▼❛tr✐① ✭●▲❘▲▼✮ ❛r❡ ✉s❡❞ ✐♥ ♦✉r ❛❧❣♦r✐t❤♠ ❢♦r
❝❧❛ss✐❢②✐♥❣ ❡❛❝❤ ❢r❛♠❡ ❛s ✈❛❧✐❞ ♦r ✐♥✈❛❧✐❞✳
✹✹
■♥t❡♥s✐t② ❍✐st♦❣r❛♠ ❋❡❛t✉r❡s
❚❤❡s❡ ❛r❡ ✜rst ♦r❞❡r st❛t✐st✐❝❛❧ ❢❡❛t✉r❡s ✉s❡❞ ♠❛✐♥❧② ❢♦r ♦r❣❛♥ r❡❝♦❣♥✐t✐♦♥ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥✳
■t ✐♥❝❧✉❞❡s ♠❡❛♥✱ ✈❛r✐❛♥❝❡✱ s❦❡✇♥❡ss✱ ❦✉rt♦s✐s✱ ❡♥❡r❣② ❛♥❞ ❡♥tr♦♣②✳
●▲❈▼
●▲❈▼ ❢❡❛t✉r❡s ✐♥❝❧✉❞❡s ❛✉t♦ ❝♦rr❡❧❛t✐♦♥✱ ❝♦rr❡❧❛t✐♦♥✱ ❝♦♥tr❛st✱ ❝❧✉st❡r s❤❛❞❡✱ ❝❧✉st❡r ♣r♦♠✐✲
♥❡♥❝❡✱ ❞✐ss✐♠✐❧❛r✐t②✱ ❡♥tr♦♣②✱ ❡♥❡r❣②✱ ❤♦♠♦❣❡♥❡✐t②✱ ♠❛①✐♠✉♠ ♣r♦❜❛❜✐❧✐t②✱ s✉♠ ♦❢ sq✉❛r❡s✱
s✉♠ ✈❛r✐❛♥❝❡✱ s✉♠ ❛✈❡r❛❣❡✱ s✉♠ ❡♥tr♦♣②✱ ❞✐✛❡r❡♥❝❡ ❡♥tr♦♣②✱ ❞✐✛❡r❡♥❝❡ ✈❛r✐❛♥❝❡✱ ✐♥❢♦r♠❛✲
t✐♦♥ ♠❡❛s✉r❡ ♦❢ ❝♦rr❡❧❛t✐♦♥✱ ✐♥✈❡rs❡ ♠♦♠❡♥t ♥♦r♠❛❧✐③❡❞✱ ❛♥❞ ✐♥✈❡rs❡ ❞✐✛❡r❡♥❝❡ ♥♦r♠❛❧✐③❡❞✳
❍❛r❧✐❝❦ ❢❡❛t✉r❡s ❛r❡ ❛❧s♦ ❝❛❧❧❡❞ ❛s ●▲❈▼ ❢❡❛t✉r❡s ❜❡❝❛✉s❡✱ ❢❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ ❣r❛②
❧❡✈❡❧ ❝♦✲♦❝❝✉rr❡♥❝❡ ♠❛tr✐① ● ✇✐t❤ ❞✐♠❡♥s✐♦♥ ♦❢ Ng ∗Ng ✇❤❡r❡ ♥✉♠❜❡r ♦❢ ❣r❛② ❧❡✈❡❧s ❛r❡ Ng
❬✹✶❪ ❬✹✷❪✳ ●r❛② ❧❡✈❡❧ ❝♦✲♦❝❝✉rr❡♥❝❡ ♠❛tr✐① ❣✐✈❡s t❤❡ s♣❛t✐❛❧ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ♣✐①❡❧s
✐✳❡✱ ♣r♦❜❛❜✐❧✐t② ♦❢ ♦❝❝✉rr❡♥❝❡ ♦❢ ❡❛❝❤ ❣r❛② ❧❡✈❡❧ ✈❛❧✉❡ ✐♥ s♣❡❝✐✜❡❞ s♣❛t✐❛❧ r❡❧❛t✐♦♥ ✇✐t❤ ♦t❤❡r
❣r❛② ❧❡✈❡❧ P✭✐✱❥✮ ❛s s❤♦✇♥ ❜❡❧♦✇✳
G =


P (1, 1) . . . P (1, Ng)
✳✳✳
✳ ✳ ✳
✳✳✳
P (Ng, 1) · · · P (Ng, Ng)


µx =
Ng∑
i=1
iPx(i), µy =
Ng∑
j=1
jPy(j)
σ2x =
Ng∑
i=1
(Px(i)− µx)
2, σ2y =
Ng∑
j=1
(Py(j)− µy)
2
Px(i) =
Ng∑
i=1
P (i, j), Py(j) =
Ng∑
j=1
P (i, j),
Px+y(k) =
Ng∑
i,j=1
P (i, j)
✇❤❡r❡ µx✱ µy✱ σx✱ σy ❛r❡ t❤❡ ♠❡❛♥ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ Px ❛♥❞ Py✳ Px(i)✱ Py(j) ✐s s✉♠
♦❢ ith r♦✇ ❛♥❞ jth ❝♦❧✉♠♥ r❡s♣❡❝t✐✈❡❧②✳
●▲❘▲▼
❚❤❡ ●r❛② ▲❡✈❡❧ ❘✉♥ ▲❡♥❣t❤ ▼❛tr✐① ✭●▲❘▲▼✮ ♠❡t❤♦❞ ❬✺✹❪ ❡①tr❛❝ts ❤✐❣❤❡r ♦r❞❡r st❛t✐st✐❝❛❧
t❡①t✉r❡ ❢❡❛t✉r❡s✳ ▲❡t Ng ❜❡ t❤❡ ♥✉♠❜❡r ♦❢ ❣r❛② ❧❡✈❡❧s✱ ❘ ❜❡ t❤❡ ❧♦♥❣❡st r✉♥✱ ❛♥❞ ◆ ❜❡ t❤❡
♥✉♠❜❡r ♦❢ ♣✐①❡❧s ✐♥ t❤❡ ✐♠❛❣❡✳ ❚❤❡ ●▲❘▲▼ ✐s ❛ t✇♦ ❞✐♠❡♥s✐♦♥❛❧ ♠❛tr✐① ♦❢ ✭Ng✯❘✮ ❡❧❡♠❡♥ts
✐♥ ✇❤✐❝❤ ❡❛❝❤ ❡❧❡♠❡♥t P (k, l|θ) ❣✐✈❡s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♦❝❝✉rr❡♥❝❡s ♦❢ r✉♥s ❤❛✈✐♥❣ ❧❡♥❣t❤
k ♦❢ ❣r❛② ❧❡✈❡❧ l✱ ✐♥ ❛ ❣✐✈❡♥ ❞✐r❡❝t✐♦♥✳ ❙❡✈❡♥ st❛t✐st✐❝❛❧ t❡①t✉r❡ ❢❡❛t✉r❡s t♦ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠
t❤❡ ●r❛② ▲❡✈❡❧ ❘✉♥ ▲❡♥❣t❤ ♠❛tr✐❝❡s✳ ❚❤❡s❡ ❛r❡✿ ❙❤♦rt ❘✉♥s ❊♠♣❤❛s✐s ✭❙❘❊✮✱ ▲♦♥❣ ❘✉♥s
❊♠♣❤❛s✐s ✭▲❘❊✮✱ ●r❛② ▲❡✈❡❧ ◆♦♥✲✉♥✐❢♦r♠✐t② ✭●▲◆✮✱ ❘✉♥ ▲❡♥❣t❤ ◆♦♥✲✉♥✐❢♦r♠✐t② ✭❘▲◆✮✱
❘✉♥ P❡r❝❡♥t❛❣❡ ✭❘P✮✱ ▲♦✇ ●r❛② ▲❡✈❡❧ ❘✉♥s ❊♠♣❤❛s✐s ✭▲●❘❊✮✱ ❛♥❞ ❍✐❣❤ ●r❛② ▲❡✈❡❧ ❘✉♥s
✹✺
❊♠♣❤❛s✐s ✭❍●❘❊✮✳
✹✳✷✳✺ ❋❡❛t✉r❡ ❙❡❧❡❝t✐♦♥
❆❢t❡r ❡①tr❛❝t✐♦♥ ♦❢ ❢❡❛t✉r❡s ❢r♦♠ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st✱ ✇❡ ❣❡t ✻ ❤✐st♦❣r❛♠ ❢❡❛t✉r❡s✱ ✶✾ ●▲❈▼
❢❡❛t✉r❡s✱ ❛♥❞ ✼ ●▲❘▲▼ ❢❡❛t✉r❡s✳ ❋r♦♠ t❤❡s❡ ✸✷ ❢❡❛t✉r❡s ✇❡ ♥❡❡❞ t♦ ♦♣t✐♠✐③❡ s♦♠❡ ❢❡❛t✉r❡s
t♦ r❡❞✉❝❡ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦r s✐③❡✳
●❡♥❡t✐❝ ❆❧❣♦r✐t❤♠ ✭●❆✮ ❇❛s❡❞ ▼❡t❤♦❞
●❡♥❡t✐❝ ❛❧❣♦r✐t❤♠s ❬✺✺❪ ❛r❡ s❡❛r❝❤ ❛❧❣♦r✐t❤♠s✱ ✇❤✐❝❤ ❛r❡ ❜❛s❡❞ ♦♥ ❈❤❛r❧❡s ❉❛r✇✐♥✬s ♣r✐♥❝✐♣❧❡
♦❢ ✬s✉r✈✐✈❛❧ ♦❢ t❤❡ ✜tt❡st✬✳ ■♥✐t✐❛❧❧② ❛ s❡t ♦❢ ❝❛♥❞✐❞❛t❡ s♦❧✉t✐♦♥s ❛r❡ ❝r❡❛t❡❞ ❛♥❞ t❤❡✐r ❝♦rr❡✲
s♣♦♥❞✐♥❣ ✜t♥❡ss ✈❛❧✉❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞✳ ❚❤✐s s❡t ♦❢ s♦❧✉t✐♦♥s ✐s r❡❢❡rr❡❞ t♦ ❛s ❛ ♣♦♣✉❧❛t✐♦♥ ❛♥❞
❡❛❝❤ s♦❧✉t✐♦♥ ❛s ❛♥ ✐♥❞✐✈✐❞✉❛❧✳ ❚❤❡ ✐♥❞✐✈✐❞✉❛❧s ✇✐t❤ t❤❡ ❜❡st ✜t♥❡ss ✈❛❧✉❡s ❛r❡ ❝♦♠❜✐♥❡❞
r❛♥❞♦♠❧② t♦ ♣r♦❞✉❝❡ ♦✛s♣r✐♥❣✬s ✇❤✐❝❤ ♠❛❦❡ ✉♣ t❤❡ ♥❡①t ♣♦♣✉❧❛t✐♦♥✳ ❚♦ ❞♦ s♦✱ ✐♥❞✐✈✐❞✉❛❧
❛r❡ s❡❧❡❝t❡❞ ❛♥❞ ✉♥❞❡r❣♦ ❝r♦ss✲♦✈❡r ❛♥❞ ❛❧s♦ ❛r❡ s✉❜❥❡❝t t♦ r❛♥❞♦♠ ♠✉t❛t✐♦♥s✳ ❚❤✐s ♣r♦❝❡ss
✐s r❡♣❡❛t❡❞ ❛❣❛✐♥ ❛♥❞ ❛❣❛✐♥ ❛♥❞ ♠❛♥② ❣❡♥❡r❛t✐♦♥s ❛r❡ ♣r♦❞✉❝❡❞ t❤❛t s❤♦✉❧❞ ❝r❡❛t❡ ❜❡tt❡r
❛♥❞ ❜❡tt❡r s♦❧✉t✐♦♥s✳ ❋♦r ❢❡❛t✉r❡ s❡❧❡❝t✐♦♥✱ t❤❡ ✐♥❞✐✈✐❞✉❛❧s ❛r❡ s✉❜s❡ts ♦❢ ♣r❡❞✐❝t♦rs t❤❛t ❛r❡
❡♥❝♦❞❡❞ ❛s ❜✐♥❛r②❀ ❛ ❢❡❛t✉r❡ ✐s ❡✐t❤❡r ✐♥❝❧✉❞❡❞ ♦r ♥♦t ✐♥ t❤❡ s✉❜s❡t✳ ❚❤❡ ✜t♥❡ss ✈❛❧✉❡s ❛r❡
s♦♠❡ ♠❡❛s✉r❡ ♦❢ ♠♦❞❡❧ ♣❡r❢♦r♠❛♥❝❡✱ s✉❝❤ ❛s t❤❡ ❘▼❙❊ ♦r ❝❧❛ss✐✜❝❛t✐♦♥ ❛❝❝✉r❛❝②✳ ❖♥❡ ✐ss✉❡
✇✐t❤ ✉s✐♥❣ ●❆s ❢♦r ❢❡❛t✉r❡ s❡❧❡❝t✐♦♥ ✐s t❤❛t t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❝❡ss ❝❛♥ ❜❡ ✈❡r② ❛❣❣r❡ss✐✈❡
❛♥❞ t❤❡✐r ✐s ♣♦t❡♥t✐❛❧ ❢♦r t❤❡ ●❆ t♦ ♦✈❡r✜t t♦ t❤❡ ♣r❡❞✐❝t♦rs✳
■♥ ❛❞❞✐t✐♦♥ t♦ ✻ ❤✐st♦❣r❛♠ ❢❡❛t✉r❡s ❛♥❞ ✶✾ ●▲❈▼ ❢❡❛t✉r❡s✱ ✼ ●▲❘▲▼ ❢❡❛t✉r❡s ❛r❡
❛❧s♦ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ●❆ ✐s ❛♣♣❧✐❡❞✳ ❋r♦♠ t❤❡ ❛❧❣♦r✐t❤♠✱ ♦✉t ♦❢ ✸✷ ❢❡❛t✉r❡s ✶✵ ❢❡❛t✉r❡s
♥❛♠❡❧② s❦❡✇♥❡ss✱ ❦✉rt♦s✐s✱ ❝♦rr❡❧❛t✐♦♥✱ ❝❧✉st❡r s❤❛❞❡✱ ❝❧✉st❡r ♣r♦♠✐♥❡♥❝❡✱ ❤♦♠♦❣❡♥❡✐t②✱ s✉♠
♦❢ sq✉❛r❡✱ ❣r❛② ❧❡✈❡❧ ♥♦♥✲✉♥✐❢♦r♠✐t②✱ r✉♥ ❧❡♥❣t❤ ♥♦♥✲✉♥✐❢♦r♠✐t②✱ ❛♥❞ ❤✐❣❤ ❣r❛② ❧❡✈❡❧ r✉♥
❡♠♣❤❛s✐s ❤❛✈❡ ❜❡❡♥ ❝❤♦s❡♥✳ ❚❤❡s❡ ✶✵ ❢❡❛t✉r❡s ❛r❡ ❝♦♠♣✉t❡❞ ❛s s❤♦✇♥ ❜❡❧♦✇✱ ✇❤✐❝❤ ❛r❡
❢✉rt❤❡r ✉s❡❞ ❢♦r ❝❧❛ss✐✜❝❛t✐♦♥✳
Skewness =
1
MN
∑
i,j
(I(i, j)− µ)3
σ3
✭✹✳✶✮
Kurtosis =
1
MN
∑
i,j
(I(i, j)− µ)4
σ4
✭✹✳✷✮
Correlation =
Ng∑
i,j=1
{i× j} × P (i, j)− {µx × µy}
σxσy
✭✹✳✸✮
Cluster shade =
∑
i,j
(i+ j − µx − µy)
3P (i, j) ✭✹✳✹✮
Homogeneity =
∑
i,j
P (i, j)
1 + |i− j|
✭✹✳✺✮
✹✻
Cluster prominence =
∑
i,j
(i+ j − µx − µy)
4P (i, j) ✭✹✳✻✮
Sum of squares =
∑
i,j
(i− µx)
2P (i, j) ✭✹✳✼✮
GLN =
Ng∑
k=1
(
R∑
l=1
p(k, l|θ))2
Ng∑
k=1
R∑
l=1
p(k, l|θ)
✭✹✳✽✮
RLN =
R∑
l=1
(
Ng∑
k=1
p(k, l|θ))2
R∑
l=1
Ng∑
k=1
p(k, l|θ)
✭✹✳✾✮
HGRE =
Ng∑
k=1
R∑
l=1
k2p(k, l|θ)
Ng∑
k=1
R∑
l=1
p(k, l|θ)
✭✹✳✶✵✮
✹✳✷✳✻ ❈❧❛ss✐✜❝❛t✐♦♥ ▼❡t❤♦❞s ❛♥❞ P❡r❢♦r♠❛♥❝❡ ▼❡❛s✉r❡
❉✐✛❡r❡♥t ❝❧❛ss✐✜❝❛t✐♦♥ ♠❡t❤♦❞s ❤❛✈❡ ❜❡❡♥ ❡♠♣❧♦②❡❞ t♦ ❝♦♠♣❛r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❡❛❝❤
❝❧❛ss✐✜❡r✳ ❑✲♥❡❛r❡st ♥❡✐❣❤❜♦r ✭❑◆◆✮ ❬✺✻❪ ❬✺✼❪✱ ❉❡❝✐s✐♦♥ ❚r❡❡ ❝❧❛ss✐✜❡r ❬✺✽❪✱ ◆❛✐✈❡ ❇❛②❡s
❝❧❛ss✐✜❡r ✭◆❇✮ ❬✺✾❪ ❛♥❞ ❙✉♣♣♦rt ❱❡❝t♦r ▼❛❝❤✐♥❡ ✭❙❱▼✮ ❬✻✵❪ ❝❧❛ss✐✜❡rs ❛r❡ ✉s❡❞ ❢♦r ❛♥❛❧②s✐s✳
❙❡❧❡❝t❡❞ ❢❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ❢♦r ❡❛❝❤ ❢r❛♠❡ ✐♥ ✈✐❞❡♦ ❛♥❞ ❢❡❞
t♦ t❤❡ ❝❧❛ss✐✜❡r✳ ❊❛❝❤ ❝❧❛ss✐✜❡r ✐s tr❛✐♥❡❞ ✇✐t❤ ✈❛❧✐❞ ❛♥❞ ✐♥✈❛❧✐❞ ❝❧❛ss❡s ♦❢ ✐♠❛❣❡s✳ ■♥ t❤❡
✜❡❧❞ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✱ ❝♦♥❢✉s✐♦♥ ♠❛tr✐① ✐s ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❝❧❛ss✐✜❡r
✐♥ t❡r♠s ♦❢ ♥✉♠❜❡r ♦❢ tr✉❡ ♣♦s✐t✐✈❡s✱ tr✉❡ ♥❡❣❛t✐✈❡s✱ ❢❛❧s❡ ♣♦s✐t✐✈❡s ❛♥❞ ❢❛❧s❡ ♥❡❣❛t✐✈❡s✳ ❆
❝♦♥❢✉s✐♦♥ ♠❛tr✐① ❝♦♥t❛✐♥s ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛❝t✉❛❧ ❛♥❞ ♣r❡❞✐❝t❡❞ ❝❧❛ss✐✜❝❛t✐♦♥s ❞♦♥❡ ❜② ❛
❝❧❛ss✐✜❝❛t✐♦♥ s②st❡♠✳ P❡r❢♦r♠❛♥❝❡ ♦❢ s✉❝❤ s②st❡♠s ✐s ❝♦♠♠♦♥❧② ❡✈❛❧✉❛t❡❞ ✉s✐♥❣ Accuracy ✳
❚❛❜❧❡ ✹✳✶✿ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ❞❡t❡❝t✐♦♥ ♦❢ ✈❛❧✐❞✴✐♥✈❛❧✐❞ ❢r❛♠❡s✳
Pr❡❞✐❝t❡❞ ❝❧❛ss
❱❛❧✐❞ ■♥✈❛❧✐❞
❆❝t✉❛❧ ❝❧❛ss
❱❛❧✐❞ 300 0
■♥✈❛❧✐❞ 10 290
❋✐❣✳ ✹✳✽ s❤♦✇s ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❞✐✛❡r❡♥t ❝❧❛ss✐✜❡rs tr❛✐♥❡❞ ✇✐t❤ ❢❡❛t✉r❡s s❡❧❡❝t❡❞ ❢r♦♠
❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠✳ P❡r❢♦r♠❛♥❝❡ ✐s ♠❡❛s✉r❡❞ ✉s✐♥❣ ❛❝❝✉r❛❝② ♦❢ ❝❧❛ss✐✜❡r ❜② ✈❛r②✐♥❣ t❤❡ s✐③❡
♦❢ tr❛✐♥✐♥❣ ❞❛t❛ s❡t✳ ❚r❛✐♥✐♥❣ ❞❛t❛ s✐③❡ ✐s ✈❛r✐❡❞ ❢r♦♠ ✽✵ t♦ ✼✵✵ ✐♠❛❣❡s ✇✐t❤ ❡q✉❛❧ ♥✉♠❜❡r ♦❢
✈❛❧✐❞ ❛♥❞ ✐♥✈❛❧✐❞ ✐♠❛❣❡s✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t ❙❱▼ ❝❧❛ss✐✜❡r ❤❛s ❤✐❣❤❡st ❛❝❝✉r❛❝② ❝♦♠♣❛r❡❞
✹✼
❋✐❣✉r❡ ✹✳✽✿ P❡r❢♦r♠❛♥❝❡ ♦❢ ❝❧❛ss✐✜❡r ❱s tr❛✐♥✐♥❣ ❞❛t❛ s❡t s✐③❡ ✉s✐♥❣ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ❢♦r
❢❡❛t✉r❡ s❡❧❡❝t✐♦♥
t♦ ❛❧❧ ♦t❤❡r ❝❧❛ss✐✜❡rs ❛♥❞ ❝♦♥❢✉s✐♦♥ ♠❛tr✐① ❢♦r ❙❱▼ ❝❧❛ss✐✜❡r ✐s ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳✶✳ ✸✵✵
✈❛❧✐❞ ❢r❛♠❡s ❛r❡ ❞❡t❡❝t❡❞ ❛s ✈❛❧✐❞ ❛♥❞ ♦✉t ♦❢ ✸✵✵ ✐♥✈❛❧✐❞ ❢r❛♠❡s ✷✾✵ ❢r❛♠❡s ❛r❡ ❞❡t❡❝t❡❞
❝♦rr❡❝t❧② ❛♥❞ r❡♠❛✐♥✐♥❣ ✶✵ ❢r❛♠❡s ✇❤✐❝❤ ❛r❡ ✐♥✈❛❧✐❞ ❜✉t ❞❡t❡❝t❡❞ ❛s ✈❛❧✐❞✳ ❇② ❛♥❛❧②③✐♥❣
t❤❡ ❝♦♥❢✉s✐♦♥ ♠❛tr✐①✱ ❙❱▼ ❝❧❛ss✐✜❡r ❤❛s ❛♥ ❛❝❝✉r❛❝② ♦❢ ✾✽✳✸✸✪✱ ✇❤✐❝❤ ✐s ♠♦r❡ ❝♦♠♣❛r❡❞
t♦ ♦t❤❡r ❝❧❛ss✐✜❡rs✳ ❖✉r ❡♠♣✐r✐❝❛❧ r❡s✉❧ts s✉❣❣❡st t❤❛t✱ ❣✐✈❡♥ s✉✣❝✐❡♥t tr❛✐♥✐♥❣ ❞❛t❛✱ ❙❱▼s
t❡♥❞ t♦ ❜❡ t❤❡ ❜❡st ❝❧❛ss✐✜❡r✳ ❆❧t❤♦✉❣❤ t❤❡ ❛❝❝✉r❛❝② ♦❢ ❝❧❛ss✐✜❡r ✐s ♥♦t ✶✵✵✪ t❤❡r❡ ✐s ♥♦ ❧♦ss
♦❢ ❞❛t❛ t❤❛t ✐s ✉s❡❞ ❢♦r ❞✐❛❣♥♦s✐s s✐♥❝❡✱ ❛❧❧ ✈❛❧✐❞ ❢r❛♠❡s ❛r❡ ❞❡t❡❝t❡❞ ❝♦rr❡❝t❧② ❛♥❞ ✐♥✈❛❧✐❞
❢r❛♠❡s ❞❡t❡❝t❡❞ ❛s ✈❛❧✐❞ ❢r❛♠❡ ✇✐❧❧ ♥♦t ♠✉❝❤ ❡✛❡❝t t❤❡ ❡①❛♠✐♥❛t✐♦♥ ❜② ❞♦❝t♦r✳ ❆❢t❡r ❱✐❞❡♦
✈❛❧✐❞❛t✐♦♥✱ ❢✉rt❤❡r ❍✳✷✻✹ ❝♦♠♣r❡ss✐♦♥ ✐s ❛♣♣❧✐❡❞ ♦♥ ❛ ✈✐❞❡♦ ✇✐t❤ ♦♥❧② ✈❛❧✐❞ ❢r❛♠❡s ❬✸✹❪✳
✹✳✷✳✼ Ps❡✉❞♦ ❈♦❞❡ ❢♦r t❤❡ Pr♦♣♦s❡❞ ❙♠❛rt ❱✐❞❡♦ ❱❛❧✐❞❛t✐♦♥ ❆❧❣♦r✐t❤♠
❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ ❢r❛♠❡s ❛♥❞ ❢❡❛t✉r❡s ❧✐❦❡ s❦❡✇♥❡ss✱ ❦✉rt♦s✐s✱ ❝♦rr❡❧❛t✐♦♥✱
❝❧✉st❡r s❤❛❞❡✱ ❝❧✉st❡r ♣r♦♠✐♥❡♥❝❡✱ ❤♦♠♦❣❡♥❡✐t②✱ s✉♠ ♦❢ sq✉❛r❡✱ ❣r❛② ❧❡✈❡❧ ♥♦♥✲✉♥✐❢♦r♠✐t②✱ r✉♥
❧❡♥❣t❤ ♥♦♥✲✉♥✐❢♦r♠✐t②✱ ❛♥❞ ❤✐❣❤ ❣r❛② ❧❡✈❡❧ r✉♥ s❡❧❡❝t❡❞ ❢r♦♠ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ❛r❡ ❡①tr❛❝t❡❞
❢r♦♠ ❡❛❝❤ Frame✳ ❙❱▼ ❝❧❛ss✐✜❡r ✐s ❛♣♣❧✐❡❞ ♦♥ ❡❛❝❤ ❢r❛♠❡ ❛♥❞ r❡s✉❧t✐♥❣ ♦✉t♣✉t ♦❢ ❝❧❛ss✐✜❡r
✐✳❡✳✱ classifier❴output ❝❛♥ ❜❡ ✵ ♦r ✶✳ ■❢ t❤❡ classifier❴output ✐s ✵ t❤❡♥ t❤❡ ❢r❛♠❡ ✐s ❝❛❧❧❡❞
valid❴frame ✭❢r❛♠❡ ✇✐t❤ ❢✉❧❧ ♦r❣❛♥ ❛♥❞ ♣❛rt✐❛❧ ♦r❣❛♥✮✳ ❚❤♦s❡ ❢r❛♠❡s ✇✐t❤ ❢✉❧❧ ♦r❣❛♥ ❛♥❞
♣❛rt✐❛❧ ♦r❣❛♥ ❛r❡ ✈❛❧✐❞ ❢r❛♠❡s✱ ✇❤❡r❡ t❤❡② ❛r❡ st♦r❡❞ ✐♥ ❛ ❜✉✛❡r✳ ■❢ t❤❡ classifier❴output ✐s
✶ t❤❡♥ t❤❡ ❢r❛♠❡ ✐s ❝❛❧❧❡❞ invalid❴frame ✭❢r❛♠❡ ✇✐t❤ ♥♦ ♦r❣❛♥✮✱ t❤❡s❡ ❛r❡ ✐♥✈❛❧✐❞ ❢r❛♠❡s
❛♥❞ ❞✐s❝❛r❞❡❞ ❢r♦♠ t❤❡ ✈✐❞❡♦✳ ❆❧❧ ✈❛❧✐❞ ❢r❛♠❡s st♦r❡❞ ✐♥ ❛ buffer ❛r❡ ❝♦♠❜✐♥❡❞ t♦ ❢♦r♠ ❛
V alid V ideo Output✳ ❙t❡♣s ✐♥✈♦❧✈❡❞ ✐♥ ♣r♦♣♦s❡❞ ♦r❣❛♥ ✈❛❧✐❞❛t✐♦♥ ✐♥ ❛♥ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✐s
s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✷✳
✹✽
❆❧❣♦r✐t❤♠ ✷ ❙♠❛rt ❯❧tr❛s♦✉♥❞ ❱✐❞❡♦ ❱❛❧✐❞❛t✐♦♥
■♥✐t✐❛❧✿❈♦♥✈❡rt✐♥❣ Video to Frames
❙❡t N❴f = Numberofframes;
■♥♣✉t✿Frame(1 ),Frame(2 ), ....,Frame(N❴f )
❖✉t♣✉t✿V alid V ideo Output
❙❡t classifier❴output = 0 ❀
❙❡t F❴count = 0❀
❙❡t V❴f = 0❀
❙❡t buffer = 0;
✇❤✐❧❡ F❴count 6= N❴f ❞♦
F❴count❂F❴count+ 1❀
❚❛❦❡ Frame(F❴count)❀ ⊲ ❈❛❧❝✉❧❛t❡ ❢❡❛t✉r❡s ❢♦r ❡❛❝❤ ❢r❛♠❡
❈❛❧❝✉❧❛t❡ Data.skewness❴interval ❀
❈❛❧❝✉❧❛t❡ Data.krutosis❴interval ❀
❈❛❧❝✉❧❛t❡ Data.correlation❴interval ❀
❈❛❧❝✉❧❛t❡ Data.clustershade❴interval ❀
❈❛❧❝✉❧❛t❡ Data.homogeneity❴interval ❀
❈❛❧❝✉❧❛t❡ Data.clusterprominence❴interval ❀
❈❛❧❝✉❧❛t❡ Data.sumofsquares❴interval ❀
❈❛❧❝✉❧❛t❡ Data.GLN❴interval ❀
❈❛❧❝✉❧❛t❡ Data.RLN❴interval ❀
❈❛❧❝✉❧❛t❡ Data.HGRE❴interval ❀
❆♣♣❧② SVMClassifier ❀ ⊲ classifier❴output ❝❛♥ ❜❡ 0(valid❴frame) ♦r
1(invalid❴frame)
✐❢ classifier❴output = 0 t❤❡♥
V❴f = V❴f✰✶ ❀
❙t♦r❡ Frame(F❴count) ✐♥ buffer❀
❡❧s❡
❉✐s❝❛r❞ invalid❴frame❀
❡♥❞ ✐❢
❡♥❞ ✇❤✐❧❡
✐❢ V❴f❂✵ t❤❡♥
❘❊❙❈❆◆
❡❧s❡
V alid V ideo Output❂buffer❀
❡♥❞ ✐❢
✹✾
✹✳✸ ❍❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t② ♦❢ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥
■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ❤❛r❞✇❛r❡ ❝♦♠♣❧❡① ❛♥❛❧②s✐s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♦r❣❛♥ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠
✐s ❝❛rr✐❡❞ ❢♦r ♣♦rt❛❜✐❧✐t② ♦♥ ❝♦♠♣✉t✐♥❣ ♣❧❛t❢♦r♠s✳ ❲❡ ❞✐s❝✉ss❡❞ t❤❡ ❤❛r❞✇❛r❡ ❝♦♠♣❧❡①✐t②
✐♥✈♦❧✈❡❞ ✐♥ ❡①tr❛❝t✐♦♥ ♦❢ ❢❡❛t✉r❡s ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥✱ ✇❤✐❝❤ ❛r❡ ♠❛❥♦r ❜❧♦❝❦s ✐♥ t❤❡ ♣r♦♣♦s❡❞
♦r❣❛♥ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠✳
❈♦♠♣❧❡①✐t② ❛♥❛❧②s✐s ❢♦r ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥
❍❛r❞✇❛r❡ ❛♥❛❧②s✐s ♦❢ ✈❛r✐❛♥❝❡✱ s❦❡✇♥❡ss✱ ❦✉rt♦s✐s✱ ❝❧✉st❡r s❤❛❞❡✱ s✉♠ ♦❢ sq✉❛r❡s✱ ❤♦♠♦❣❡♥❡✲
✐t②✱ ❝♦rr❡❧❛t✐♦♥ ❛r❡ ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✷✳✶✳ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ♠❡❛s✉r❡ ❝❧✉st❡r
♣r♦♠✐♥❡♥❝❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✾❛✳ ❖♥❡ ✶✻✲❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦ ❛❞❞ s✉♠ ♦❢ ✐♥❞✐❝❡s ❛♥❞
♦t❤❡r t♦ ❛❞❞ ♠❡❛♥ ✈❛❧✉❡s ❛❧♦♥❣ ① ❛♥❞ ② ❛①✐s✳ ❚❤❡ r❡s✉❧t ♦❢ t❤❡s❡ ❛❞❞❡rs ✐s ❣✐✈❡♥ t♦ ✶✻✲❜✐t
s✉❜tr❛❝t♦r✳ ❚✇♦ ♠✉❧t✐♣❧✐❡rs ❛r❡ ✉s❡❞ t♦ ♦❜t❛✐♥ 4th ♣♦✇❡r✱ ♦t❤❡r ♠✉❧t✐♣❧✐❡r ✐s ✉s❡❞ t♦ t❛❦❡
t❤❡ ♣r♦❞✉❝t ✇✐t❤ ♣r♦❜❛❜✐❧✐t② ✈❛❧✉❡ ❛t t❤❛t ♣❛rt✐❝✉❧❛r ✐♥❞❡① ♦❜t❛✐♥❡❞ ✉s✐♥❣ ●▲❈▼ ♠❛tr✐①✳
❋✐♥❛❧❧② ✶✻✲❜✐t ❛❞❞❡r ✐s ✉s❡❞ t♦ s✉♠ t❤❡ ✈❛❧✉❡s ❢r♦♠ ❡❛❝❤ ❡❧❡♠❡♥t✳ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡
t♦ ♠❡❛s✉r❡ ●▲◆ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✾❜✳ ■♥♣✉t t♦ ✶✻✲❜✐t ❛❞❞❡r ✐s ❣r❛② ❧❡✈❡❧ r✉♥ ❧❡♥❣t❤ ♠❛✲
tr✐① ❡❧❡♠❡♥ts✱ ♦✉t♣✉t ✈❛❧✉❡ ✐s sq✉❛r❡❞ ✉s✐♥❣ ♠✉❧t✐♣❧✐❡r✳ ❚❤❡ sq✉❛r❡❞ ✈❛❧✉❡s ❛r❡ ❛❞❞❡❞ ❛♥❞
❞✐✈✐❞❡❞ ❜② s✉♠ ♦❢ ❛❧❧ ❡❧❡♠❡♥ts ♦❢ t❤❡ ♠❛tr✐① ✉s✐♥❣ ✶✻✲❜✐t s❤✐❢t❡r✳
✭❛✮ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝✲
t✉r❡ ♦❢ ❝❧✉st❡r ♣r♦♠✐✲
♥❡♥❝❡✳
P(k,l|theta)
16-Bit Shifter
16-Bit Multiplier
16-Bit Adder 16-Bit Adder
16-Bit Adder
16-Bit Adder
P(k,l|theta)
GLN
✭❜✮ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝✲
t✉r❡ ♦❢ ●▲◆✳
P(k,l|theta)
16-Bit Shifter
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❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ♠❡❛s✉r❡ ❘▲◆ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✾❝✳ ■♥♣✉t t♦ ✶✻✲❜✐t ❛❞❞❡r
✐s ❣r❛② ❧❡✈❡❧ r✉♥ ❧❡♥❣t❤ ♠❛tr✐① ❡❧❡♠❡♥ts✱ ♦✉t♣✉t ✈❛❧✉❡ ✐s sq✉❛r❡❞ ✉s✐♥❣ ♠✉❧t✐♣❧✐❡r✳ ❚❤❡
sq✉❛r❡❞ ✈❛❧✉❡s ❛r❡ ❛❞❞❡❞ ❛♥❞ ❞✐✈✐❞❡❞ ❜② s✉♠ ♦❢ ❛❧❧ ❡❧❡♠❡♥ts ♦❢ t❤❡ ♠❛tr✐① ✉s✐♥❣ ✶✻✲❜✐t
s❤✐❢t❡r✳ ❍❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ t♦ ♠❡❛s✉r❡ ❍●❘❊ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✾❞✳ ■♥♣✉t t♦ ✶✻✲❜✐t
❛❞❞❡r ✐s ❣r❛② ❧❡✈❡❧ r✉♥ ❧❡♥❣t❤ ♠❛tr✐① ❡❧❡♠❡♥ts✱ ♦✉t♣✉t ✈❛❧✉❡ ✐s ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ sq✉❛r❡❞
✈❛❧✉❡ ♦❢ r♦✇ ✐♥❞❡①✳ ❚❤❡ r❡s✉❧t❛♥t ✈❛❧✉❡s ❢r♦♠ ♠✉❧t✐♣❧✐❡r ❛r❡ ❛❞❞❡❞ ❛♥❞ ❞✐✈✐❞❡❞ ❜② s✉♠ ♦❢
❛❧❧ ❡❧❡♠❡♥ts ♦❢ t❤❡ ♠❛tr✐① ✉s✐♥❣ ✶✻✲❜✐t s❤✐❢t❡r✳
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❞✐✛❡r❡♥t s✐③❡s ❛♥❞ ❢r❛♠❡ r❛t❡✳ ❋✐❣✳ ✹✳✶✵ s❤♦✇s t✐♠❡ r❡q✉✐r❡❞ t♦ r✉♥ t❤❡ ❛❧❣♦r✐t❤♠ ♦♥ ♣r♦❝❡s✲
s♦r✱ ❢♦r ❞✐✛❡r❡♥t s✐③❡ ♦❢ ✈✐❞❡♦s✳ ❉❛t❛ ❝♦♠♣r❡ss✐♦♥ ❛♥❞ ♣♦✇❡r ❝♦♥s✉♠❡❞ ❢♦r tr❛♥s♠✐tt✐♥❣ ❛r❡
✉s❡❞ ❛s ❡✈❛❧✉❛t✐♦♥ ♠❡tr✐❝ ❢♦r s♠❛rt tr❛♥s♠✐ss✐♦♥ ❛❧❣♦r✐t❤♠✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♣r♦♣♦s❡❞
♠❡t❤♦❞ ❢♦r ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❛♥❞ ❝♦♠♣r❡ss✐♦♥ ♦❢ ❢r❛♠❡s ✐♥ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✐s ❞✐s❝✉ss❡❞ ✐♥
t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s✳
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❘❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✐s ❞❡t❡❝t❡❞ ❛♥❞ s❡❧❡❝t❡❞ ❢❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ ❜❛s❡❞ ♦♥ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠✱
❛♥❞ ❢♦✉r ❞✐✛❡r❡♥t ❝❧❛ss✐✜❡rs ❛r❡ ✉s❡❞ ❢♦r t❡st✐♥❣✳ ❋r♦♠ ❋✐❣✳ ✹✳✽✱ ❙❱▼ ❝❧❛ss✐✜❡r ✐s ♦❜s❡r✈❡❞
t♦ ❜❡ ♠♦r❡ ❛❝❝✉r❛t❡ ✇✐t❤ ❛❝❝✉r❛❝② ♦❢ ✾✽✳✸✸✪ ✐♥ ❞❡t❡❝t✐♥❣ t❤❡ ♦r❣❛♥ ❢r❛♠❡s✳ ❍❡♥❝❡✱ ❙❱▼
❝❧❛ss✐✜❡r ✇✐t❤ ✶✵ ❢❡❛t✉r❡s s❡❧❡❝t❡❞ ❢r♦♠ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ✐s ✉s❡❞ t♦ ❢✉rt❤❡r ✈❛❧✐❞❛t❡ t❤❡
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▼❇ ❛❢t❡r ❛♣♣❧②✐♥❣ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠✳ ✷✵ ✈✐❞❡♦s ❛r❡ ✉s❡❞ ❢♦r t❡st✐♥❣ ❛♥❞ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t
t❤❡r❡ ✐s r❡❞✉❝t✐♦♥ ♦❢ s✐③❡ ❢r♦♠ ✸✽✪ t♦ ✹✷✪ ❝♦♠♣❛r❡❞ t♦ ♦r✐❣✐♥❛❧ s✐③❡✳ ❲✐t❤♦✉t ❛♣♣❧②✐♥❣ t❤❡
♦r❣❛♥ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❛♥❞ ❝♦♠♣r❡ss✐♥❣ t❤❡ ✈✐❞❡♦ ❞✐r❡❝t❧② ✉s✐♥❣ ❍✳✷✻✹✱ s✐③❡ ✐s r❡❞✉❝❡❞
t♦ ✽✷✾❑❇✳ ❆♣♣❧②✐♥❣ ❍✳✷✻✹ ❝♦♠♣r❡ss✐♦♥ ♦♥ ✈✐❞❡♦ ❛❢t❡r ✈❛❧✐❞❛t✐♦♥✱ s✐③❡ ♦❢ ❡♥❝♦❞❡❞ ✈✐❞❡♦ ✐s
r❡❞✉❝❡❞ t♦ ✹✾✺❑❇✳
✺✷
❋✐❣✉r❡ ✹✳✶✶✿ ❙♠❛rt ❱✐❞❡♦ ❱❛❧✐❞❛t✐♦♥ ❖✉t♣✉t✳
❋✐❣✉r❡ ✹✳✶✷✿ ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡s ♦❢ ❤❡❛❧t❤② ❦✐❞♥❡② ♦r❣❛♥✳
❋✐❣✉r❡ ✹✳✶✸✿ ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡s ♦❢ ❞✐s❡❛s❡❞ ❦✐❞♥❡② ♦r❣❛♥✳
❈♦♠♣r❡ss✐♦♥ ♦❢ ✈✐❞❡♦ ❛❢t❡r ✈❛❧✐❞❛t✐♦♥ t❤❡♥ t❤❡r❡ ✐s ❛ r❡❞✉❝t✐♦♥ ♦❢ ✽✺✪ t♦ ✾✵✪ ✐♥ s✐③❡
❝♦♠♣❛r❡❞ ✇✐t❤ ♦r✐❣✐♥❛❧ s✐③❡ ♦❢ ✈✐❞❡♦✳ ❙✐♠✐❧❛r❧②✱ ❋✐❣✳ ✹✳✶✸ s❤♦✇s ❛❜♥♦r♠❛❧ ❝❛s❡ ♦❢ ❦✐❞♥❡②
✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❤❛✈✐♥❣ ❝②st ✐♥ ❦✐❞♥❡②✱ ❛❢t❡r ✈❛❧✐❞❛t✐♦♥ ♦❢ ✈✐❞❡♦✱ ✷✵ ❢r❛♠❡s ❛r❡ r❡❞✉❝❡❞ t♦
✶✶✳ ❋✐❣✳ ✹✳✶✹ ❛♥❞ ❋✐❣✳ ✹✳✶✺ s❤♦✇s s✐♠✐❧❛r ❛♥❛❧②s✐s t♦ ❜♦t❤ ❤❡❛❧t❤② ❛♥❞ ❞✐s❡❛s❡❞ ❧✐✈❡r✳
✺✸
❋✐❣✉r❡ ✹✳✶✹✿ ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡s ♦❢ ❤❡❛❧t❤② ❧✐✈❡r ♦r❣❛♥✳
❋✐❣✉r❡ ✹✳✶✺✿ ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ❢r❛♠❡s ♦❢ ❞✐s❡❛s❡❞ ❧✐✈❡r ♦r❣❛♥✳
P❡r❢♦r♠❛♥❝❡ ♦❢ ❛❧❣♦r✐t❤♠ ✐s s✐♠✐❧❛r ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡ ♦r❣❛♥✱ ✇❤❡t❤❡r ✐t ✐s ♥♦r♠❛❧ ♦r
❛❜♥♦r♠❛❧ ❛♥❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❛♥② ♦r❣❛♥✳ ❱❛r✐❛t✐♦♥ ✐♥ t❤❡ s✐③❡ ♦❢ ✈✐❞❡♦ ✐s ♣❧♦tt❡❞ ❢♦r ❢♦✉r
❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ❝♦♥s✐❞❡r✐♥❣ t❤r❡❡ ✈✐❞❡♦s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✻✳
❋✐❣✉r❡ ✹✳✶✻✿ ❙✐③❡ ♦❢ ✈✐❞❡♦ ♣❧♦tt❡❞ ❢♦r ❢♦✉r ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ♦❢ t❤r❡❡ ✈✐❞❡♦s✳
✺✹
✹✳✹✳✸ ❚✐♠❡ t❛❦❡♥ t♦ tr❛♥s♠✐t ✈✐❞❡♦ t♦ ❝❧♦✉❞ ✉s✐♥❣ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐
▼♦❞✉❧❡
❚✐♠❡ ❝♦♥str❛✐♥t ✐s ✈❡r② ✐♠♣♦rt❛♥t ❢❛❝t♦r t♦ ❝♦♥s✐❞❡r ✇❤✐❧❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ❛♥② ❞❛t❛ t♦
❝❧♦✉❞✴s❡r✈❡r✳ ❚♦ tr❛♥s♠✐t t❤❡ ✈✐❞❡♦ t♦ ❝❧♦✉❞ t❤r♦✉❣❤ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐ ♠♦❞✉❧❡ ✐♥t❡r❢❛❝❡❞
✇✐t❤ ❯❙ ❜♦❛r❞✱ ✐t t❛❦❡s ✷✾✻❦❜♣s ✇❤❡♥ ❝♦♥♥❡❝t❡❞ t♦ ❛ ♠♦❜✐❧❡ ♣❤♦♥❡ ❛❝t✐♥❣ ❛s ❲✐✲❋✐ ❛❝❝❡ss
♣♦✐♥t s❤❛r✐♥❣ t❤❡ ♠♦❜✐❧❡ ❞❛t❛ ❝♦♥♥❡❝t✐♦♥✳ ❋✐❣✳ ✹✳✶✼ s❤♦✇s t✐♠❡ t❛❦❡♥ t♦ tr❛♥s♠✐t t❤❡
❡♥❝♦❞❡❞ ✈✐❞❡♦ ✇✐t❤♦✉t ✈❛❧✐❞❛t✐♦♥ ❛♥❞ ❛❢t❡r ✈❛❧✐❞❛t✐♦♥✳ ❋r♦♠ t❤✐s ❛♥❛❧②s✐s✱ t✐♠❡ ❝♦♥s✉♠❡❞
❢♦r tr❛♥s♠✐ss✐♦♥ ♦❢ ✽✷✾❑❇ ✐s ✷✳✽ s❡❝♦♥❞s✱ ❛❢t❡r ✈❛❧✐❞❛t✐♦♥ ♦❢ ✈✐❞❡♦ ✐t r❡q✉✐r❡s ♦♥❧② ✶✳✷✺
s❡❝♦♥❞s✳ ❚r❛♥s♠✐ss✐♦♥ t✐♠❡ ✐s r❡❞✉❝❡❞ t♦ ♠♦r❡ t❤❛♥ ✺✵✪ ✉s✐♥❣ t❤❡ ♣r♦♣♦s❡❞ s♠❛rt ✈❛❧✐❞❛t✐♦♥
❛❧❣♦r✐t❤♠✳
❋✐❣✉r❡ ✹✳✶✼✿ ❚✐♠❡ t❛❦❡♥ t♦ tr❛♥s♠✐t ✈✐❞❡♦ ✉s✐♥❣ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐ ♠♦❞✉❧❡ ❢♦r ❢♦✉r ❞✐✛❡r❡♥t
s❝❡♥❛r✐♦s✳
✹✳✺ ❈♦♥❝❧✉s✐♦♥
❲❡ ♣r♦♣♦s❡❞ ❛ ♥♦✈❡❧ ❙♦❈ ❛r❝❤✐t❡❝t✉r❡ ✉s✐♥❣ ❩②♥❝ ✼✵✵✵ ♣r♦❝❡ss♦r ❢♦r ❛ ♣♦rt❛❜❧❡ ❯❙ s②st❡♠
✇✐t❤ ♦♥ ❜♦❛r❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠✳ ■♥ ♦✉r ♣r♦♣♦s❡❞ ❞❡s✐❣♥✱ ✇❡ ✉s❡❞ ❛ ③②♥q ❙♦❈
✇❤✐❝❤ ❤❛s ❛♥ ❋P●❆ ✐♥t❡❣r❛t❡❞ ✇✐t❤ ❛♥ ❆❘▼ ❝♦rt❡① ❆✾ ❞✉❛❧ ❝♦r❡ ♣r♦❝❡ss♦r✳ ❚♦ ♠❛❦❡
❞❡✈✐❝❡ ♠♦r❡ s♠❛rt✱ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❢♦❧❧♦✇❡❞ ❜② ❝♦♠♣r❡ss✐♦♥ ❢♦r s♠❛rt
tr❛♥s♠✐ss✐♦♥ ✐s ✐♠♣❧❡♠❡♥t❡❞ ♦♥ ❆❘▼ ❈♦rt❡① ❆✾ ❞✉❛❧ ❝♦r❡ ♣r♦❝❡ss♦r✳ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐
♠♦❞✉❧❡ ✐s ✐♥t❡r❢❛❝❡❞ ✇✐t❤ t❤❡ ❯❙ ❜♦❛r❞ ❢♦r tr❛♥s♠✐ss✐♦♥ ♦❢ ✈✐❞❡♦ t♦ ❝❧♦✉❞ ❢♦r t❡❧❡r❛❞✐♦❧♦❣②
❛♣♣❧✐❝❛t✐♦♥s✳
❆❢t❡r ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❡❛❝❤ ❢r❛♠❡✱ ✐♥✈❛❧✐❞ ❢r❛♠❡s ❛r❡ ❞✐s❝❛r❞❡❞ ❢r♦♠ t❤❡ ✈✐❞❡♦ ❜② ✇❤✐❝❤
t❤❡ ✈✐❞❡♦ s✐③❡ ✐s r❡❞✉❝❡❞ t♦ ♠♦r❡ t❤❛♥ ✸✽✪ ❝♦♠♣❛r❡❞ t♦ ♦r✐❣✐♥❛❧ s✐③❡✳ ❆♣♣❧②✐♥❣ ❍✳✷✻✹ ❝♦♠✲
♣r❡ss✐♦♥ ♦♥ ✈❛❧✐❞ ✈✐❞❡♦ str❡❛♠✱ t❤❡ s✐③❡ ♦❢ ✈✐❞❡♦ ✐s ❢✉rt❤❡r r❡❞✉❝❡❞ t♦ ♠♦r❡ t❤❛♥ ✽✺✪ ❛♥❞
t✐♠❡ ❝♦♥s✉♠❡❞ ❢♦r tr❛♥s♠✐ss✐♦♥ ✐s r❡❞✉❝❡❞ t♦ ♠♦r❡ t❤❛♥ ✺✵✪ ✳ ❚❤✉s✱ t❤❡ ♣r♦♣♦s❡❞ ♦r❣❛♥
✺✺
✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❡♥s✉r❡s t❤❛t ♦♥❧② ✈❛❧✐❞ ✈✐❞❡♦ ❞❛t❛ ✐s st♦r❡❞ ✐♥ t❤❡ ❝❧♦✉❞✱ t❤❡r❡❜② r❡❞✉❝✲
✐♥❣ t❤❡ ❞❛t❛ ✐♥ ❝❧♦✉❞✳ ❚❤✐s ❛❧s♦ ❡♥s✉r❡s r❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r tr❛♥s♠✐ss✐♦♥
♦❢ ✈✐❞❡♦✱ s♦ t❤❛t t❤❡ ❧✐❢❡t✐♠❡ ♦❢ ❞❡✈✐❝❡ ❝❛♥ ❜❡ ✐♥❝r❡❛s❡❞✳
✺✻
❈❤❛♣t❡r ✺
❙✉♠♠❛r② ❛♥❞ ❉✐s❝✉ss✐♦♥
▼② r❡s❡❛r❝❤ ✇♦r❦ ❤❛s ❜❡❡♥ ❢♦❝✉s❡❞ ♦♥ t✇♦ ♠❛✐♥ ❛r❡❛s ✭✐✮ ❈♦♠♣✉t❡r ❆✐❞❡❞ ❉✐❛❣♥♦s✐s ❢♦r
❦✐❞♥❡② ✭✐✐✮ ❙♠❛rt ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥✳ ■♥ t❤✐s ❝♦♥t❡①t✱ t❤❡ t❤❡s✐s r❡♣♦rt ❛❧s♦ ✐♥❝❧✉❞❡s
❘❖■ ❜❛s❡❞ ❝♦♠♣r❡ss✐♦♥ t❡❝❤♥✐q✉❡s t❤❛t ❜❡st s✉✐t❡ ✉❧tr❛s♦✉♥❞ ✐♠❛❣✐♥❣ s②st❡♠✱ ❦✐❞♥❡② ❞❡✲
t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠ t♦ ❧♦❝❛❧✐③❡ t❤❡ ♣♦s✐t✐♦♥ ♦❢ ❦✐❞♥❡②✱ ❛♥❞ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ❞✐♠❡♥s✐♦♥❛❧✐t② ♦❢
❢❡❛t✉r❡s r❡q✉✐r❡❞ t♦ ❞❡t❡❝t ✇❤❡t❤❡r t❤❡ ❦✐❞♥❡② ✐s ♥♦r♠❛❧ ♦r ❛❜♥♦r♠❛❧ ❛♥❞ ✈❛❧✐❞ ♦r ✐♥✈❛❧✐❞✳
❚❤❡ ❛❧❣♦r✐t❤♠s ❛r❡ t❡st❡❞ ♦♥ ✈❛r✐♦✉s ♣❧❛t❢♦r♠s ❛♥❞ ❛ ❧❛r❣❡ ❞❛t❛❜❛s❡ t♦ ♣r♦✈✐❞❡ ♣r♦♦❢ ♦❢ ❝♦♥✲
❝❡♣ts ❛♥❞ s✉♣♣♦rt t❤❡ ❝❧❛✐♠s ♠❛❞❡✳ ■♥ t❤❡ ❝♦✉rs❡ ♦❢ t❤❡s❡ st✉❞✐❡s✱ s❡✈❡r❛❧ ✐♥t❡r❡st✐♥❣ ✐♥s✐❣❤ts
✇❡r❡ ♦❜t❛✐♥❡❞✳ ❋✐❡❧❞ tr❛✐❧s ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❞♦❝t♦r ❛♥❞ r❡✈✐❡✇❡❞ ♦✉r
r❡s✉❧ts ✉♥❞❡r ❤✐s ♣r❡s❡♥❝❡✳ ❚❤✐s ❝❤❛♣t❡r ❝♦♥❝❧✉❞❡s ♠② t❤❡s✐s ✐♥ ❜r✐❡❢ ❛♥❞ ❞✐s❝✉ss❡s ✐♥ ❢✉t✉r❡
s❝♦♣❡ ✐♥ t❤✐s ❞✐r❡❝t✐♦♥✳
✺✳✶ ❈♦♠♣✉t❡r ❆✐❞❡❞ ❉✐❛❣♥♦s✐s ❢♦r ❑✐❞♥❡②
❲❡ ♣r♦♣♦s❡❞ ❛ ❢✉❧❧②✲❛✉t♦♠❛t❡❞ ❦✐❞♥❡② ❛❜♥♦r♠❛❧✐t② ❞❡t❡❝t✐♦♥ s②st❡♠ ❜❛s❡❞ ♦♥ ❛✉t♦♠❛t❡❞
❢❡❛t✉r❡ s❡❧❡❝t✐♦♥ ❛♥❞ s✉♣❡r✈✐s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❉✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❛r❡ ✉s❡❞ t♦ ✜♥❞ ❘❖■
t♦ ❡①tr❛❝t ❢❡❛t✉r❡s ❢r♦♠ s❡❣♠♥❡t❡❞ r❡❣✐♦♥✳ ❚❤❡ ❱✐♦❧❛ ❏♦♥❡s ❛❧❣♦r✐t❤♠ ❣✐✈❡s ❜❡st ❛❝❝✉r❛❝②
t♦ ❞❡t❡❝t ❦✐❞♥❡② ❛✉t♦♠❛t✐❝❛❧❧②✳ ❚❤❡ t❡①t✉r❡ ❢❡❛t✉r❡s ❛r❡ ❝♦♠♣✉t❡❞ ❢r♦♠ ❞❡t❡❝t❡❞ ❦✐❞♥❡②
❛♥❞ ❙❱▼ ❝❧❛ss✐✜❡r ✐s ✉s❡❞ ❢♦r ❝❧❛ss✐❢②✐♥❣ t❤❡ ❦✐❞♥❡② ✐♠❛❣❡ ❛s ♥♦r♠❛❧ ♦r ❛❜♥♦r♠❛❧✳ ❚❤❡
s✐♠✉❧❛t✐♦♥s ❛r❡ ✈❡r✐✜❡❞ ♦♥ ❳✐❧✐♥① ❩❡❞ ❜♦❛r❞✱ ✇❤✐❝❤ ❤❛s ❛ ❝❛♣❛❜✐❧✐t② ♦❢ ✐♠♣❧❡♠❡♥t✐♥❣ ❡♥t✐r❡
✉❧tr❛s♦✉♥❞ s❝❛♥♥✐♥❣ s②st❡♠✳ ❚❤❡ ♣r♦❝❡ss♦r ♦♥ ❳✐❧✐♥① ❩❡❞ ❜♦❛r❞✱ ❝❛♥ ♣❡r❢♦r♠ t❤❡ ❝♦♠♣✉t❡r
❛✐❞❡❞ ❞✐❛❣♥♦s✐s ♦♥ t❤❡ s②st❡♠ ❛♥❞ ❤❡♥❝❡ ♣r♦✈✐❞❡s ❜❡st s♦❧✉t✐♦♥ ❢♦r ✐♥t❡❣r❛t✐♥❣ ❜♦t❤ s✐❣♥❛❧
♣r♦❝❡ss✐♥❣ ❛♥❞ ❞✐❛❣♥♦s✐s ♦♥ ❛ s✐♥❣❧❡ s②st❡♠✳ Pr♦✈✐❞✐♥❣ s✉❝❤ ✐♥❢♦r♠❛t✐♦♥ ❤❡❧♣s s♦♥♦❣r❛♣❤❡rs
t♦ s✉❣❣❡st ✐♠♠❡❞✐❛t❡ ♣r❡❝❛✉t✐♦♥ ❛♥❞ ❛❧s♦ ♠♦♥✐t♦r ❞✐s❡❛s❡ ♣r♦❣r❡ss✐♦♥✳ ❚❤✉s t❤❡ ♣r♦♣♦s❡❞
t❡❝❤♥✐q✉❡ ❛✐❞s ♣r❡❧✐♠✐❛♥r② ❈❆❉ ❢♦r ❦✐❞♥❡② ♦♥ ✉❧tr❛s♦✉♥❞ s②st❡♠s✳
✺✼
✺✳✷ ❙♠❛rt ❯❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥
❲❡ ♣r♦♣♦s❡❞ ❛ ♥♦✈❡❧ ❙♦❈ ❛r❝❤✐t❡❝t✉r❡ ✉s✐♥❣ ❩②♥❝ ✼✵✵✵ ♣r♦❝❡ss♦r ❢♦r ❛ ♣♦rt❛❜❧❡ ❯❙ s②st❡♠
✇✐t❤ ♦♥ ❜♦❛r❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠✳ ■♥ ♦✉r ♣r♦♣♦s❡❞ ❞❡s✐❣♥✱ ✇❡ ✉s❡❞ ❛ ③②♥q ❙♦❈
✇❤✐❝❤ ❤❛s ❛♥ ❋P●❆ ✐♥t❡❣r❛t❡❞ ✇✐t❤ ❛♥ ❆❘▼ ❝♦rt❡① ❆✾ ❞✉❛❧ ❝♦r❡ ♣r♦❝❡ss♦r✳ ❚♦ ♠❛❦❡
❞❡✈✐❝❡ ♠♦r❡ s♠❛rt✱ ✉❧tr❛s♦✉♥❞ ✈✐❞❡♦ ✈❛❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❢♦❧❧♦✇❡❞ ❜② ❝♦♠♣r❡ss✐♦♥ ❢♦r s♠❛rt
tr❛♥s♠✐ss✐♦♥ ✐s ✐♠♣❧❡♠❡♥t❡❞ ♦♥ ❆❘▼ ❈♦rt❡① ❆✾ ❞✉❛❧ ❝♦r❡ ♣r♦❝❡ss♦r✳ ❘❆❑✹✶✶ ❛s ❲✐✲❋✐
♠♦❞✉❧❡ ✐s ✐♥t❡r❢❛❝❡❞ ✇✐t❤ t❤❡ ❯❙ ❜♦❛r❞ ❢♦r tr❛♥s♠✐ss✐♦♥ ♦❢ ✈✐❞❡♦ t♦ ❝❧♦✉❞ ❢♦r t❡❧❡r❛❞✐♦❧♦❣②
❛♣♣❧✐❝❛t✐♦♥s✳ ❱✐❞❡♦ ✐s ✈❛❧✐❞❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♦r❣❛♥ ✐♥❢♦r♠❛t✐♦♥ ♣r❡s❡♥t ✐♥ ❡❛❝❤ ❢r❛♠❡ ❛♥❞
❞✐s❝❛r❞s t❤❡ ❢r❛♠❡s ♥♦t ✉s❡❢✉❧ ❢♦r ❞✐❛❣♥♦s✐s✳ ❚❤✐s ♠❡t❤♦❞ r❡❞✉❝❡s t❤❡ s✐③❡ ♦❢ ✈✐❞❡♦ t❤❡r❡❜②
r❡❞✉❝✐♥❣ t❤❡ ❞❛t❛ st♦r❛❣❡ ✐♥ ❝❧♦✉❞ t♦ ❛✈♦✐❞ ♥❡t✇♦r❦ tr❛✣❝❦✐♥❣✳ ❚❤✐s ❛❧s♦ ❡♥s✉r❡s r❡❞✉❝t✐♦♥ ✐♥
❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r tr❛♥s♠✐ss✐♦♥ ♦❢ ✈✐❞❡♦✱ s♦ t❤❛t t❤❡ ❧✐❢❡t✐♠❡ ♦❢ ❞❡✈✐❝❡ ❝❛♥ ❜❡ ✐♥❝r❡❛s❡❞✳
✺✳✸ ❋✉t✉r❡ ❙❝♦♣❡
❆s ❛ ❢✉t✉r❡ ✇♦r❦✱ ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①t❡♥❞ ♦✉r ❛❧❣♦r✐t❤♠s t♦ ✇✐❞❡ s❝♦♣❡ ♦❢ ✉s❛❣❡✳ ❊①t❡♥❞✐♥❣
t❤❡ ❈❆❉ t♦ ♠❛♥② ❢❡✇ ♠♦r❡ ♦r❣❛♥s t♦ ❛✉t♦♠❛t✐❝❛❧❧② t♦ ❞❡t❡❝t ❛❜♥♦r♠❛❧✐t②✳
✺✽
❘❡❢❡r❡♥❝❡s
❬✶❪ ❊✇❡rts❡♥✱ ❈❛r♦❧✐♥❡✱ ❡t ❛❧✳ ✧❘❡❛❧✲t✐♠❡ ✐♠❛❣❡ ❢✉s✐♦♥ ✐♥✈♦❧✈✐♥❣ ❞✐❛❣♥♦st✐❝ ✉❧tr❛s♦✉♥❞✳✧
❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ ❘♦❡♥t❣❡♥♦❧♦❣② ✷✵✵✳✸ ✭✷✵✶✸✮✿ ❲✷✹✾✲❲✷✺✺✳
❬✷❪ ▼❛❝❦✱ ▼✐❝❤❛❡❧ ❏✳ ✧▼✐♥✐♠❛❧❧② ✐♥✈❛s✐✈❡ ❛♥❞ r♦❜♦t✐❝ s✉r❣❡r②✳✧ ❏❛♠❛ ✷✽✺✳✺ ✭✷✵✵✶✮✿ ✺✻✽✲✺✼✷✳
❬✸❪ ❲♦♦tt♦♥✱ ❘✐❝❤❛r❞✱ ❏♦❤♥ ❈r❛✐❣✱ ❛♥❞ ❱✐❝t♦r P❛tt❡rs♦♥✳ ■♥tr♦❞✉❝t✐♦♥ t♦ t❡❧❡♠❡❞✐❝✐♥❡✳ ❘♦②❛❧
❙♦❝✐❡t② ♦❢ ▼❡❞✐❝✐♥❡ Pr❡ss✱ ✷✵✵✻✳
❬✹❪ ✧▼♦r❡ t❤❛♥ 77 ♠✐❧❧✐♦♥ ♣❡♦♣❧❡ ✐♥ ■♥❞✐❛ ❤❛✈❡ ♣r❡✲❞✐❛❜❡t❡s✱✧ ❚❤❡ ❍✐♥❞✉✱ ❈♦✐♠❜❛t♦r❡✱
❏❛♥✉❛r② ✷✼✱ ✷✵✶✹✳
❬✺❪ ❍✳ ▲❡❡✱ ❍✳ ❙♦❤♥✱ ❈✳ ❨♦♦♥✱ ❨✳ ❨♦♦✱ ❛♥❞ ❚✳❑✳ ❙♦♥❣✱ ✧❙♦❢t✇❛r❡✲❜❛s❡❞ ❍❛♥❞✲❍❡❧❞ ❯❧✲
tr❛s♦✉♥❞ ❈♦❧♦r ❉♦♣♣❧❡r ■♠❛❣✐♥❣ ❙②st❡♠✱✧ ■❊❊❊ ❯❧tr❛s♦♥✐❝s s②♠♣♦s✐✉♠✱ ♣♣✳✶✽✹✹✲✶✽✹✼✱
✷✵✵✾✳
❬✻❪ ❇✳ P✳ ◆❡❧s♦♥✱ ❛♥❞ ❑✳ ❈❤❛s♦♥✱ ✧❯s❡ ♦❢ ✉❧tr❛s♦✉♥❞ ❜② ❡♠❡r❣❡♥❝② ♠❡❞✐❝❛❧ s❡r✈✐❝❡s✿ ❛
r❡✈✐❡✇✱✧ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❊♠❡r❣❡♥❝② ▼❡❞✐❝✐♥❡✱ ✈♦❧✳ ✶✱ ♥♦✳ ✹✱ ♣♣✳ ✷✺✸✲✷✺✾✱ ✷✵✵✽✳
❬✼❪ ❏✳❏✳ ❍✇❛♥❣✱ ❛♥❞ ❏✳ ◗✉✐st❣❛❛r❞✱ ✧❆ ❤❛♥❞❤❡❧❞ ✉❧tr❛s♦✉♥❞ ❛rr❛② ✐♠❛❣✐♥❣ ❞❡✈✐❝❡✱✧ ✐♥ Pr♦❝✳
❙P■❊✱ ✈♦❧✳ ✸✻✻✹✱ ♣♣✳ ✶✾✹✲✷✵✶✱ ✶✾✾✾
❬✽❪ ❋✳ ❑✳ ❙❝❤♥❡✐❞❡r✱ ❆✳ ❆❣❛r✇❛❧✱ ❨✳ ▼✳ ❨♦♦✱ ❚✳ ❋✉❦✉♦❦❛✱ ❛♥❞ ❨✳ ❑✐♠✱ ✧❆ ❢✉❧❧② ♣r♦❣r❛♠♠❛❜❧❡
❝♦♠♣✉t✐♥❣ ❛r❝❤✐t❡❝t✉r❡ ❢♦r ♠❡❞✐❝❛❧ ✉❧tr❛s♦✉♥❞ ♠❛❝❤✐♥❡s✱✧ ■❊❊❊ ❚r❛♥s✳ ■♥❢✳ ❚❡❝❤♥♦❧✳
❇✐♦♠❡❞✳✱ ✈♦❧✳ ✶✹✱ ♥♦✳ ✷✱ ♣♣✳ ✺✸✽â⑨➇✺✹✵✱ ✷✵✶✵✳
❬✾❪ ❑❛♥❣✱ ❏❡❡✉♥✱ ❡t ❛❧✳ ✧❆ ❙②st❡♠✲♦♥✲❈❤✐♣ ❙♦❧✉t✐♦♥ ❢♦r P♦✐♥t✲♦❢✲❈❛r❡ ❯❧tr❛s♦✉♥❞ ■♠❛❣✐♥❣
❙②st❡♠s✿ ❆r❝❤✐t❡❝t✉r❡ ❛♥❞ ❆❙■❈ ■♠♣❧❡♠❡♥t❛t✐♦♥✳✧ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ❇✐♦♠❡❞✐❝❛❧
❈✐r❝✉✐ts ❛♥❞ s②st❡♠s✱ ✷✵✶✺✳
❬✶✵❪ ❑✐♠✱ ●✐✲❉✉❝❦✱ ❡t ❛❧✳ ✧❆ s✐♥❣❧❡ ❋P●❆✲❜❛s❡❞ ♣♦rt❛❜❧❡ ✉❧tr❛s♦✉♥❞ ✐♠❛❣✐♥❣ s②st❡♠ ❢♦r
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